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I.  INTRODUCTION: 

The  main  purpose  of  the  research  supported  by  this  grant  was  to 
design  and  fabricate  a  surface  emitting  semiconductor  laser  (SESL) 
based  on  multi  quantum  well  amplification. 

This  work  was  to  be  accomplished  in  a  number  of  stages: 

(1)  improvement  of  the  basic  quantum  well  active  medium  so  as  to  result 
in  maximum  gain  for  a  given  inversion  density; 

(2)  the  analysis  and  fabrication  of  GaAs/GaAlAs  multilayer  dielectric 
reflectors  for  providing  the  optical  feedback  to  the  SESL. 

(3)  the  development  of  diffusion  techniques  to  provide  the  p  and  n 
regions  adjacent  to  the  active  region  for  carrier  injection. 

(4)  final  operation  of  the  whole  device. 

During  the  contract  period  we  have  succeeded  in  tasks  (1)  and  (2)  and 
have  made  significant  progress  in  category  (3) .  The  progress  was 
slower  than  hoped  for  due  to  the  fickle  nature  of  "mother  research"  but 
we  have  made  considerable  systematic  progress.  With  continued 
effort  (and  support)  we  should  stand  a  fair  chance  of  realizing  an 
operating  surface  emitting  semiconductor  laser. 

The  main  items  of  progress  achieved  during  the  contract  period  are 
summarized  in  what  follows.  A  list  of  references  supported  (in  part) 
by  this  contract  is  appended. 

II.  REPORT  OF  RESEARCH  RESULTS: 

A,  The  Quantum  Well  Material ; 

We  have  spent  a  great  deal  of  effort  and  resources  in  learning  how 
to  grow  high  quality  MBE  material  for  the  active  region  (gain)  This 
is  a  crucial  element  in  the  system  since  the  total  short  distance  of 
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amplification  (-2um)  requires  maximal  gain.  A  parallel  theoretical 
effort  led  to  prediction  of  practical  available  gain  of  ~10^  cm"  ^  with 
an  injected  carrier  density  of  n-2xl0^®  cm"^  (see  Figure  1). 

There  are  two  basic  approaches  to  designing  a  SEL.  One  method 
uses  an  optical  cavity  in  the  plane  of  the  substrate  with  output 
coupling  perpendicular  to  the  cavity  and  the  other  method  involves  the 
formation  of  a  vertical  cavity.  The  latter  approach  is  taken  here. 
One  of  the  main  difficulties  in  creating  a  vertical  cavity  surface 
emitter  is  achieving  sufficient  gain.  Due  to  the  small  cavity  length 
(a  few  microns  as  compared  to  a  few  hundred  microns  for  conventional 
structures)  a  very  high  gain  coefficient  is  required.  For  this 
reason  we  are  experimenting  with  both  multiple  quantum  well  and  bulk 
gallium  arsenide  active  regions.  To  inject  carriers,  two  diffusions 
are  performed:  a  silicon  diffusion  which  gives  an  N-doped  region  and  a 
zinc  diffusion  which  gives  a  p  doped  region  (see  Figure  1)  ,  sandwiched 
between  the  n  and  p  regions  in  an  intrinsic  active  region  into  which 
electrons  and  holes  are  injected  laterally.  Both  diffusions  enhance 
the  interdiffusion  of  gallium  and  aluminum  to  cause  impurity  induced 
disordering  of  the  multiple  quantum  well  in  the  diffused  region  and 
leave  a  doped  region  with  uniform  aluminum  concentration  which  serves 
as  both  a  waveguide  and  a  source  for  electrons  or  holes. 

The  figure  shows  the  proposed  SESL,  and  the  Bragg  end  reflectors 
as  well  as  the  proposed  p  and  n  diffusion  to  the  active  region. 

Figure  2  shows  the  theoretical  plot  of  the  reflectivity  of  the 
GaAs/GaAlAs  Bragg  reflector  stack  while  Figure  2  also  shows  the 
experimental  data  on  the  Bragg  reflector. 
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We  have  grown  Bragg  reflectors  with  high  reflectivity  (>96%)  and 
we  can  control  the  position  of  this  reflection  peak.  Also,  the  effect 
of  the  cavity  enclosed  by  the  two  Bragg  reflectors  has  been  observed 
through  Fabry-Perot  transmission  peaks  in  the  reflectance  spectrum  of 
the  entire  SEL  structure  (see  Figure  2) . 

For  electrically  pumping  the  SEL,  we  have  tried  schemes  involving 
Zn  and  Si  diffusions  and  regrowth  by  LPE  for  the  contact  regions.  We 
believe  the  most  promising  solution  involves  an  LPE  regrowth  for  the 
N-region  and  either  another  regrowth  for  the  P-region  or  a  Zn 
diffusion.  Both  of  these  current  injection  schemes  are  being 
pursued.  When  the  technological  problems  involved  in  this 
processing  have  been  solved,  the  SEL  has  a  good  chance  of  lasing. 

An  SEM  of  the  complete  laser  structure  including  the  active 
regions  and  the  diffused  p  and  n  contact  regions  is  shown  in  Figure  3 . 

The  work  was  terminated  at  this  stage. 

II.  Recommendation  for  Future  Work: 

We  believe  the  most  challenging  technical  problem  remaining 
before  the  realization  of  a  current  injection  surface  emitting 
semiconductor  laser  is  the  problem  of  doped  contact  regions.  We  have 
made  substantial  progress  in  this  direction  and  recommend  that  work  in 
this  direction  continue. 
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Figure  1 

A  schematic  cross  section  of  the  device.  The  substrate  is  toward  the 
bottom  of  the  page  and  the  surface  is  toward  the  top.  Electrons  and 
holes  are  injected  laterally  into  the  active  region. 
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Reflectance  of  SEL  vs  \ 


Figure  2 

Reflectance  curve  shows  Fabry-Perot  transmission  peaks  at  \=8600A 
1=8000A. 

Dashed  curve  shows  expected  R(X)  for  one  Bragg  reflector. 
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Figure  3 

Cross  section  of  an  SEL  structure  consisting  of  two  25  x 
(AIq  ,  jGag  .  gAs)  x/4  Bragg  reflectors  with  a  2.4  am  GaAs  active  region. 
On  both  sides  of  the  100  um  mesa,  N-AlGeiAs  has  been  regrown  by  LPE. 
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Supermode  control  is  demonstrated  theoretically  and  experimentally  m  diffraction-coupled 
semiconductor  laser  arrays.  A  linear  theory  is  presented  to  determine  the  supermode  threshold 
gain  as  a  function  of  the  coupling  cavity  length.  By  fabricating  devices  with  different  coupling 
cavity  lengths,  array  operation  in  both  the  fundamental  and  highest  order  supermodes  is 
achieved. 


Conventional  semiconductor  laser  arrays  are  formed  by 
placing  many  single-mode  waveguides  in  close  proximity,  so 
that  the  dominant  coupling  mechanism  is  evanescent  over¬ 
lap.  In  practice,  unfortunately,  the  eigenmode  with  the  high¬ 
est  modal  gain  is  not  the  fundamental  supermode,  but  that 
w  hich  has  adjacent  array  elements  coupled  -  radians  out-of¬ 
phase  The  l  esult  is  an  undesirable  double-lobed  far  field. 

Diffraction-coupled  arrays  represent  one  approach 
towards  achieving  fundamental  supermode  operation,  and 
consequently  have  received  growing  attention. In  this  ge¬ 
ometry.  illustrated  in  Fig.  1.  the  channels  are  optically  isolat¬ 
ed  for  some  length  L.  and  then  are  allowed  to  couple  by 
"diffraction"  in  a  common  end  region  of  length  D  Thus  the 
coupling  IS  discrete,  rather  than  distributed,  and  the  phase  of 
the  coupling  constant  is  determined  by  D.  If  D  is  chosen  so 
that  the  phase  difference  between  the  self-reflection  and  that 
from  nearest  neighbors  is  Irr.  for  example,  adjacent  elements 
are  expected  to  lock  in  phase  and  the  array  should  operate  in 
the  fundamental  supermode.  In  this  letter,  we  investigate 
control  of  the  lasing  supermode  by  optimization  of  the 
length  of  the  diffraction  region.  We  present  both  analysis 
and  experimental  results  for  the  device  of  Fig.  1 

For  the  purpose  of  analysis,  consider  an  array  with  .V 
channels  of  suitable  width  w  and  effective  index  step  to  sup¬ 
port  a  single  waveguide  mode  e.,  (.r),  where  .x  is  the  lateral 
dimension.  Let  e  be  an  .V  x  1  column  vector  whose  elements 
are  the  complex  amplitude  of  the  field  in  each  channel  at  the 
left-hand  edge  of  the  array  region.  This  vector  is  then  propa¬ 
gated  down  the  length  of  the  array  and  reflected  at  its  inter¬ 
faces  by  suitable  matrices  P.  R,.  and  R,.  as  indicated  in  Fig. 

1  Requiring  e  to  reproduce  itself  after  one  round  trip  gives 
the  oscillation  condition 

e  =  R,PR.Pe.  (I) 

where  P  is  the  propagation  matrix  in  the  channeled  section 
and  R,.  R,  are  effective  reflectivity  matnces  at  the  left-  and 
nght-hand  edges  of  the  array  region  (i.e.,  R,  includes  the 
effect  of  the  diffraction  region).  Assuming  identical  chan¬ 
nels  of  length  L.  the  propagation  matrix  is  simply 
P  =  exp{iaL)I,  where  /  is  the  identity  matrix,  and  a,  the 
unknown  propagation  constant,  is  given  by  cr=(n,/ 
Oio  —  Hy/2).  Here  O)  is  the  radian  frequency,  y  is  the  re¬ 
quired  threshold  gain.  is  the  effective  index  of  the  channel, 
and  c  IS  the  speed  of  light  in  free  space.  The  left-hand  reflec¬ 
tion  matrix  is  simply  R  =  r,J.  where  r,,  is  the  amplitude 
reflectivity  of  the  TE  mode  at  the  GaAs-air  interface 
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V  R  ■  R  =0.3).  The  round-trip  condition  ( 1 )  can  then 
be  written  as 

(r„e-'^R,  ~  De  =  0.  (2) 

Hence.  r„  'exp(  —  llcrL)  is  an  eigenvalue  of  the  matrix  R, 
and  the  array  supermodes  are  its  eigenvectors.  It  remains 
only  to  compute  the  effective  reflection  matrix  R,  of  the 
diffraction  region. 

We  model  the  diffraction  region  as  a  cav  ity  of  w  idth  IF' 
which  supports  a  large  number.  .V/,  of  "slab  waveguide" 
modes  c,„(.t).  Their  amplitudes  can  be  described  by  an 
.V/  \  I  column  vector  c.  To  compute  the  reflection  matrix  R,, 
we  first  couple  the  channel  modes  e  into  the  cavity  basis  c  v  la 
an  .V  XjV/ coupling  matrix  V:  e  =  Vc.  The  cavity  modes  can 
then  be  propagated  and  reflected  from  a  planar  mirror  ( us¬ 
ing  their  known  propagation  constants  /?,„  )  via  the  .W  x  .V/ 
matrix  P'  whose  elements  are  =  r„t\p{i2]3,„D)8„.,. 
where  d,„„  is  the  Kronecker  delta.  After  projecting  back  onto 
the  channel  basis  with  the  transpose  V '  of  the  coupling  ma¬ 
trix,  Cji,..,  so  that  the  reflection  matrix  for 

the  diffraction  region  is 

R,  =VP'V'.  (3) 

Note  that  VV'~/  (small  radiation  loss),  but  V' V:f=/  (re¬ 
flecting  significant  coupling  loss).  For  our  calculations,  we 
have  assumed  strong  effective  index  guiding  for  both  the 
array  and  diffraction  regions,  so  that 

(x)  =  \,2/w  cos(jr(jc  —  n/)/ui],  xeinl  ±  iju/2) 

c.„{x)  =  ^2/W  sm[mTr[x  +  tV/2)/tV],  xe{  ±  H'V2). 

(4) 


X 
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FIG  1  Diffraction-coupled  array  geometry  The  vhaded  areas  represent 
optical  isolation  The  array  channels  have  width  w  and  length  L  while  the 
diffraction  region  is  of  width  IF  and  length  D  The  array  period  is  / 
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FIG  1  Theoretical  threshold  gam  and  oscillation  frequency  for  the  super¬ 
modes  of  a  ti'.e-elemeni  diffraction-coupled  array,  as  a  function  of  coupling 
length.  D  The  v  =  I  mode  is  the  fundamental  supermode  The  dashed  line 
gives  the  result  for  uncoupled  lasers. 


and  the  propagation  constants  in  the  diffraction  region 
are  approximately  0  i,  =  klnl  —  rn'r/lV',  where 
=  Itt/a.  is  the  free-space  propagation  constant.  The  ele¬ 
ments  of  the  coupling  matrix  are  therefore  given  by 


-  -/f/  (4  / 2 

^  dx 

(  X  -  nl\  . 

(  x+  W/l 

X  cos  IT -  Sin 

ftlTT - 

V  2  J 

V  w 

(5) 


After  calculating  R,,  the  eigenvalue  problem  (2)  is  solved 
numerically.  Figure  2  illustrates  the  threshold  gains  and  os¬ 
cillation  frequencies  as  a  function  of  the  diffraction  region 
length  for  a  five-element  array  with  channel  width  w  =  5 
/im.  diffraction  region  width  fV  =  54  /xm,  and  array  period 
/  =  9  /im.  The  number  of  cavity  modes  c„(jc)  used  was 
.V/  =  50. 

Firstly,  we  observe  periodic  oscillations  in  the  threshold 
gains  as  a  function  of  D.  This  corresponds  to  the  variation  in 
phase  of  the  coupling  constants.  Secondly,  these  oscillations 
are  bounded  by  an  envelope  whose  width  increases  from  zero 
at  Z)  =  0  to  a  very  large  value.  This  is  only  partly  due  to  the 
increase  in  absolute  value  of  the  coupling  constant  as  Z)  is 
increased;  the  primary  mode  disenmination  arises  due  to  the 
varied  losses  experienced  by  the  supermodes  as  they  couple 
back  from  the  diffraction  region  into  the  array.  The  funda¬ 
mental  supermode  ( v  =  1 )  has  the  lowest  threshold  gain  at  a 
length  of  Z>  =  80  /um  while  the  highest  order  supermode 
( V  =  5)  has  the  lov.  -t  threshold  gain  for  D  =  IbO^um.  The 
dashed  line  indicates  the  result  for  uncoupled  lasers.  Ac¬ 
cording  to  Basov,'  supermodes  with  diffraction  losses  higher 
than  those  of  uncoupled  lasers  are  unstable. 

We  have  fabricated  seven-element  diffraction-coupled 
arrays  from  GaAs/GaAlAs  graded-index  separate  confine¬ 
ment  multiple  quantum  well  material  grown  in  our  laborato¬ 
ry  by  molecular  beam  epitaxy.  The  array  elements  were  4.5- 


/rm-wide  ridge  waveguides  formed  by  wet  chemical  etching 
through  the  contact  and  upper  cladding  layers  to  within  0  1- 
0.2  /im  of  the  active  region.  This  provides  strong  effective 
index  guiding,  and  by  further  placing  the  elements  on  rela¬ 
tively  wide  centers  of  9  /im,  optical  isolation  between  the 
waveguides  was  achieved.  A  Cr/Au  contact  evaporated  over 
the  device  formed  ohmic  contacts  to  the  top  of  the  ridge 
waveguides  and  to  the  diffraction  region  (i.e.,  to  the  - 
GaAs  contact  layer),  while  a  Schottky  barrier  was  formed 
between  the  ridges  where  the  p-AlGaAs  cladding  layer  was 
exposed. ' 

The  effect  of  the  diffraction  region  length  was  observed 
experimentally  by  cleaving  devices  with  D  varying  up  to  1 50 
fim.  The  array  region  length  was  approximately  250 /im  long 
for  all  devices.  Arrays  with  no  diffraction  region  showed  no 
evidence  of  coherence  between  elements,  as  inferred  from  far 
fields  and  spectrally  resolved  nearfields.  Figures  3  and  4 
show  the  near  fields  at  both  facets  and  the  far  field  ( which  is 
the  same  on  both  sides)  for  devices  with  diffraction  regions 
of  Z)  =  80  /um  and  Z>  =  150  /rm,  respectively.  The  output 
power  level  is  100  mW  in  both  cases.  The  near  field  on  the 
array  side  shows  the  number  of  lasing  channels,  while  on  the 
coupling  cavity  side,  the  two-dimensional  diffraction  pat¬ 
tern  of  the  lasing  supermode  is  visible.  The  far  field  of  Fig.  3 
has  a  strong  central  lobe  at  0°,  indicating  operation  in  the 
fundamental  supermode,  but  also  exhibits  first  and  second 
diffraction  orders.  The  far-field  lobe  spacing  corresponds 
closely  to  the  theoretically  predicted  value  of  5.5°  for  chan¬ 
nels  on  9  fxm  centers,  and  the  width  of  each  lobe  is  about 
twice  the  diffraction  limit.  The  overall  envelope  is  about  15’ 
in  width,  corresponding  to  the  spot  size  of  about  3  /rm  for 
each  individual  channel.  The  far  field  of  Fig.  4  has  no  lobe  at 
0°;  however,  but  is  primarily  double  lobed  with  higher  dif¬ 
fraction  orders  visible  as  well,  indicating  operation  in  a  high¬ 
er  order  supermode.  The  near-field  pattern  on  the  diffraction 
side  is  the  signature  of  the  highest  order  supermode.  Note 
that  the  higher  diffraction  orders  can  be  suppressed  by  in¬ 
creasing  the  ratio  w/l. 

The  threshold  and  differential  quantum  efficiency  of 
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FIG.  3.  Experimental  results  for  a  seven-element  array  with  O  =  80  j/m 
Near  fields  on  the  array  and  diffraction  sides,  plus  the  far  Held  ai  an  ouipui 
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FIG  4  Experimental  results  for  a  seven-element  arrav  with  O  =  150/im 
Near  lields  on  the  array  and  diffraction  sides,  plus  the  far  field  at  an  output 
power  of  100  mW 

these  devices  were  400  mA  and  42%,  respectively.  This  is  to 
be  compared  with  200  mA  and  66%  for  broad  area  lasers  of 
comparable  size  fabricated  from  the  same  wafer.  The  simul¬ 
taneous  appearance  of  increased  threshold,  lower  differen¬ 
tial  quantum  efficiency,  and  clean  near  fields  and  far  fields 
compared  with  broad-area  lasers  is  closely  correlated  with 
achieving  a  good  etch  to  within  0. 1-0.2  /im  of  the  active 
region.  This  is  necessary  to  strongly  confine  the  light  to  the 
channels  of  the  array  region,  thereby  minimizing  evanescent 
overlap  between  the  channels.  At  this  point  the  coupling  loss 


between  the  diffraction  region  and  the  arras  region  becomes 
significant.  Consequently  a  strong  asymmetry  in  the  output 
power  is  achieved,  with  roughly  50%  more  power  output 
through  the  diffraction  region. 

In  summary,  we  have  demonstrated  theoretically  and 
e.sperimentally  the  effect  of  the  length  of  the  diffraction  re¬ 
gion  in  controlling  the  lasing  supermode  in  diffraction-cou¬ 
pled  semiconductor  laser  arrays.  Operation  in  the  funda¬ 
mental  and  highest  order  supermodes  at  an  output  power 
level  of  100  mW  was  achieved  by  optimizing  the  length  of  the 
diffraction  region.  The  research  described  in  this  letter  was 
conducted  in  the  Applied  Physics  department.  California 
Institute  of  Technology,  with  the  support  of  the  Office  of 
Naval  Research  and  the  National  Science  Foundation  Mr. 
Marshall  was  supported  in  part  by  a  fellowship  from  Cal¬ 
tech's  Program  in  Advanced  Technologies,  supported  by 
Aerojet-General.  General  Motors,  and  TRW.  The  authors 
appreciate  helpful  discussions  with  .M.  Mittelstein 
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In  semiconductor  lasers  the  separate  and  precise  control 
of  electronic  (gain)  and  optical  confinement  made  possible 
by  epitaxial  crystal  growth  and  fine  lithography  make  for  a 
rich  interplay  between  “physics”  and  “geometry” — an  in¬ 
terplay  which  determines  the  laser  threshold.  In  this  letter 
we  show,  starting  with  the  fundamental  confinement  phys¬ 
ics,  how  the  threshold  currents  of  conventional  bulk  (three- 
dimensional),  two-dimensional  (quantum  well),  and  one¬ 
dimensional  (quantum  wire)  lasers  depend  on  the  respective 
geometrical  and  physical  parameters,  and  then  derive  the 
relevant  basic  scaling  laws  for  the  threshold  currents  of  each 
class. 

The  basic  generic  laser  configuration  is  illustrated  in 
Fig.  1 .  The  active  region  is  a  rectangular  prism  with  dimen¬ 
sions  L^xL^xL  which  is  embedded  within  the  optical 
mode  volume  d  xtV  xL.  In  the  case  of  quantum  wells  and 
quantum  wires  we  take  the  potential  well  depth  as  infinite 
( this  puts  a  limit,  in  practice,  on  the  smallest  well  dimen¬ 
sions)  and  assume  that  only  the  first  quantized  states 
( «  =  1 )  arc  involved. 

The  first  major  consideration  is  that  of  the  transparency 
density.  It  is  defined  as  the  injected  carrier  density  which 
renders  the  active  region  transparent.  Clearly,  the  mainte¬ 
nance  of  these  densities  establishes  a  lower  limit  on  the 
threshold  currents.  As  an  example,  we  will  calculate  the 
transparency  density  of  a  quantum  wire  with  equal  electron 
and  hole  effective  masses  ( m,  =  )  whose  energy  diagram 

is  shown  in  Fig.  2.  The  transparency  condition  for  an  invert¬ 
ed  population  of  Fermions  obtains  when  the  condition 

Uca  —  ^Fc  ” '  ^Fv 

at  the  frequency  ca  of  maxinvum  gain,  where  and  £pv 

the  quasi-Fermi  levels  for  the  conduction  band  and  valence 
band,  respectively,  since  maximum  gain  is  exercised  by 
lici)  =  Eg  +  (e,.i  )c  +  (fi.i )  V  The  transparency  condition 
in  the  case  nic  =  m  ^  is  obtained  when  the  quasi-Fermi  level 
in  the  conduction  band  £fc  coincides  with  the  first  quan¬ 
tized  level  e, ,  and  £pv  with  the  first  quantized  level  in  the 
valence  band.  The  total  number  of  electrons  (or  holes)  per 
unit  length  at  transparency  is  then  obtained  by  integrating 
the  product  of  the  density  of  states  function  and  the  Fermi 
distribution  function  from  e, ,  to  infinity.  We  neglect  contri¬ 
butions  from  higher  subbands  which  are  effectively  cut  off 
by  the  Fermi  function: 


N 


ir 

ID 


/  electrons 
V  m 


) 


r*  (£, -f,.i) 


(1) 

{yllm^/Trfi)x\.Q12(kT)''-.  (2) 


The  key  observation  as  far  as  scaling  is  concerned  is  that 
iV'iD  is  the  lineal  (electrons  per  unit  length)  density  and  that 
it  is  independent  of  the  cross-sectional  dimensions  and 

of  the  quantum  wire.  Similar  considerations  in  the  case  of  a 
quantum  well  lead  to  a  transparency  (area)  density 


f  electrons  \  t^c 

\  m' 


dE,. 


mckT 

irfr 


In  2, 


(3) 


which  is  independent  of  the  quantum  well  thickness  L^. 

Numerical  calculation  of  the  transparency  densities  us¬ 
ing  the  actual  values  of  ntc  and  nty  in,  say,  GaAs,  gives 
values  three  to  four  times  larger  than  the  values  of  Eqs.  ( 2 ) 
and  (3).  The  transparency  requirements'  can  be  summar¬ 
ized  in 

A^','■I,~l.•5xl0'*cm-^ 

iVi'D-1.5xl0'^cm-^  (4) 

1.5X10®  cm-'. 

The  key  point  to  reemphasize  is  the  independence  of  the 
above  values  of  N"  of  the  confinement  geometry  and  the 
different  physical  dimension  of  the  transparency  density  in 
each  generic  case. 

The  bulk  gains,  i.e.,  gains  experienced  by  a  hypothetical 
optical  wave  which  is  completely  confined  to  the  active  re¬ 
gion,  can  be  expressed  near  the  transparency  condition  by 


(3D)gjD  —  ^jd(^3D  ~^Vd)  • 


FIG.  l.  Basic  electron  confinement  and  optical  mode  geometnes. 


1033 


Appl  Phys  Lett  S3  (12).  19  September  1988  0003-6951 /88/38t033-03S01  00 


J:  1 988  American  Institute  of  Physics 


1033 


-FC- 


TiO 


-FV  ■ 


1  :■ 


n  a  1 

EZ 

i 

FIG.  2.  Energy  level  diagram  of  the  quantum-confined  earners. 

The  corresponding  expressions  for  the  2D  and  ID  cases  re¬ 
quire  some  thought.  Consider  the  2D  case.  Transparency 
occurs  when  =  jV'/d  (electrons/cm').  The  bulk  gain, 
on  the  other  hand,  depends  on  the  volumetric  density  of  car¬ 
riers.  '  We  can  satisfy  both  requirements  by  writing  the  bulk 
gain  as 

(5) 

where  gyo  is  a  constant.  In  a  similar  fashion. 


(  lD)g,[3 


~  ^2D 


Theg's  are  constant  specilic  to  the  material  and  the  dimen¬ 
sion  of  the  confinement.  They  are  called  the  differential  gain 
constant,  the  differential  gain  constants,  and  the  explicit  di¬ 
mensional  dependencies  (i.e.,  on  i,  and  L^)  of  the  three 
cases  follow  from  basic  quantum-induced  transition  rate 
considerations.  This  dependence,  as  well  as  those  expressed 
by  Eq.  (4),  is  central  to  what  follows. 

We  will  next  derive  expressions  for  the  threshold  cur¬ 
rent  densities  for  lasers  whose  modes  propagate  along  the 
axis  X  of  the  active  region.  First  consider  the  three-dimen¬ 
sional  case.  The  threshold  condition  is 


A^to)  =  Tcr,  -F  {\/L)\nR  ' 

(6) 


where  F  -~L^/d  is  the  optical  confinement  factor, 
=  bNyo  is  the  bulk  free-carrier  absorption  coefficient  of 
the  active  region  material,  and  a^„,  is  the  scattering  loss  of 
the  mode.  Solving  for  N  and  taking  the  threshold  current  as 
where  =  WL^L  is  the  volume  of  the  active 
region  and  r  the  carrier  lifetime,  leads  to 


(Ah  )  ID 


(f) 


=  N'l^{WL,L) 


where  rf=  \  —  b /g;^ . 

A  similar  calculation  for  a  quantum  well,  but  taking  a^,. 
=  bN^jj/L^  and,  as  before  F  =  L^/d,  gives 
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{fVLd) 
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.(8) 


In  the  quantum  wire  case  we  take  F  =  L.Z,. /tf  IF.  leading  to 


8id  8id 


(9) 


Equations  ( 7 )-( 9 )  are  the  basic  scaling  relations  for  the 
three  generic  laser  classes.  The  quantum  confinement  phys¬ 
ics  is  now  represented  explicitly  by  the  appropriate  geome¬ 
try-independent  transparency  densities. 

The  scaling  laws  explain  some  basic  observations  and 
act  as  design  guides.  For  example,  in  a  conventional  ( three- 
dimensional  )  laser  the  first  term  on  the  right  side  of  Eq.  ( 7 ) 
dominates,  which  explains  the  length  (L)  and  active  region 
thickness  (L, )  dependence  of  I,t,  in  such  lasers.  In  the  quan¬ 
tum  well  (two-dimensional)  laser  for  conventional  lengths, 
say  Z,  <  500  fxm,  it  is  the  second  term  on  the  right  side  of  Eq. 
(8)  which  dominates.  This  explains  why  the  (total)  thresh¬ 
old  current  of  high  quality  material  uncoated  quantum  well 
lasers  is  independent  of  the  length  L.'  Since  this  dominant 
term  can  be  reduced  to  near  zero  with  /?  —  I,  we  would  ex¬ 
pect  a  major  reduction  of  7,^  as  the  facet  reflectivity  is  in¬ 
creased.  Indeed,  the  recent  demonstration  of  submilliam- 
pere  threshold  currents  exploited  exactly  this  point  and 
values  of  /i~-0.8  resulted  in  nearly  an  order  of  magnitude 
lowering  of  /,h  (0.55  mA)  from  those  of  uncoated  lasers 
( /I  ~  0.3 1 ) .  The  relative  insignificance  of  the  second  term  on 
the  right  side  in  the  three-dimensional  case  Eq.  (7)  explains 
why  the  same  strategy  does  not  work  in  conventional  ( three- 
dimensional  )  lasers.  We  also  note  that  when,  in  the  process 
of  evaluating  intrinsic  quantum  well  material,  we  compare 
the  threshold  current  densities  [1,^/WL)  of  quantum  well 
lasers  made  from  the  material,  the  dominant  second  term 
varies  as  Z  ~ The  only  meaningful  comparison  is  thus  of 
very  long  lasers  and/or  lasers  with  R  —  1  where  the  reflectiv¬ 
ity  term  is  negligible.  The  minimum  threshold  current  den¬ 
sity  of  a  quantum  well  laser  in  the  limit  R  —  1  and  a^.^„  =  0  is 


(  ^min  )  2D 

ifVL) 


N'loe 

TV 


~  60  A/cm^ 


for  r/ss  1,  r  =  4x  10“’  s,  and  =  1.5x  10'"  cm“'.  This 
shows  that  recently  achieved  values  of  88  A/cm~  in  our  labo¬ 
ratory  are  approaching  the  theoretical  limit.  In  a  practical 
laser  with,  say,  l.5iim,L  =  120^m,  thevalueofthe/,h 
comes  out  to  ~0.1  mA.  We  note  that  the  lowest  reported 
result  is  /,h  ~0.55  mA. 

In  a  quantum  wire  laser  the  situation  is  similar  to  that  of 
a  quantum  well  laser.  The  second  term  on  the  right  side  of 
Eq.  (9)  will  dominate  unless  reduced  by  allowing  /?  —  1.  If 
we  neglect  ,  then  the  threshold  current  of  a  laser  with 
R  =  1  and,  say,  L  =  100  |rm  will  be 

(Ah).D~(AF,D)— ~0.6mA, 


whereweuseA'iD  ~  l-5x  10*cm  ',  7;=:  1,  and  r-~4x  10 
s.  Such  a  laser  can  only  muster  a  maximum  modal  gain  ' 


(  Yn,.. 
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where  L,  and  are  the  quantum  wire  cross-sectional  di¬ 
mension,  fi  the  transition  matrix  element,  f.  and  the 
optical  confinement  factors,  m,  the  reduced  mass,  and  F,  the 
carrier  dephasing  time.  Equation  ( 10)  leads  to  a  maximum 
gain  Ymix  cm' ',  which  might  not  be  sufficient  to  over¬ 
come  losses  in  pratical  lasers.  In  this  case,  an  array  of  parallel 
quantum  wires  can  be  used  to  obtain  the  needed  total  gain. 

In  summary,  the  basic  scaling  laws  for  the  threshold 
current  of  quantum  confined  lasers  are  derived  and  are  used 
to  explain  basic  observations  as  well  as  serve  as  a  guide  in 
designing  ultralow  threshold  lasers.  Using  the  above  consid¬ 
erations,  we  find  that  threshold  currents  of  100  /iA  from 
present  generation  quantum  well  lasers  and  of  2-3  //A  in 
quantum  wire  lasers  are  possible.  Further  improvements, 
possibly  by  a  factor  of  —4-5,  can  be  anticipated  if  we  suc¬ 


ceed  in  reducing  the  hole  mass  in  GaAs  wells  and  wires  to 
near  that  of  the  electron. 

Fruitful  discussions  with  M.  Mittelstein  and  P.  Derry 
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Broad  area  graded-index  separate-confinement  heterostructure  single  quantum  well  lasers  grown 
by  molecular-beam  epitaxy  (MBE)  with  threshold  current  density  as  low  as  93  A/cm^  (520  /xm 
long)  have  been  fabricated.  Buried  lasers  formed  from  similarly  structured  MBE  material  with 
liquid  phase  epitaxy  regrowth  had  threshold  currents  at  submilliampere  levels  when  high 
reflectivity  coatings  were  applied  to  the  end  facets.  A  cw  threshold  current  of  0.55  mA  was 
obtained  for  a  laser  with  facet  reflectivities  of  -80%.  a  cavity  length  of  120  /xm,  and  an  active 
region  stripe  width  of  1  /xm.  These  devices  driven  directly  with  logic  level  signals  have  switch-on 
delays  <  50  ps  without  any  current  prebias.  Such  lasers  permit  fully  on-olf  switching  while  at  the 
same  time  obviating  the  need  for  bias  monitoring  and  feedback  control. 


Semiconductor  lasers  are  being  considered  for  future  genera¬ 
tions  of  supercomputers.  The  number  of  lasers  that  may  be 
involved  is  so  large  that  a  major  premium  is  placed  on  a 
reduction  of  the  threshold  current  of  such  lasers.  Lasers 
which  can  be  modulated  at  high  speed  without  current  pre¬ 
bias  and  a  feedback  circuit  are  also  highly  desirable  for  opti¬ 
cal  interconnects  and/or  optical  computing  work.  Lasers 
with  submilliampere  threshold  currents  will  meet  these  re¬ 
quirements  since  with  a  modest  current  pulse  ( ~30  mA) 
they  can  be  modulated  at  high  speed  without  substantial  de¬ 
lay  between  the  application  of  a  current  pulse  and  the  onset 
of  lasing.  Buried  heterostructure  graded-index  separate-con¬ 
finement  heterostructure  single  quantum  well  (BH  GRIN- 
SCH  SQ  W )  lasers  are  capable  of  meeting  these  requirements 
as  recently  demonstrated. 

The  suitability  of  BH  GRIN-SCH  SQW  lasers  for  submil¬ 
liampere  operation  can  easily  be  seen  by  considering  the 
threshold  current  density  7,^ 

*  ■  ‘  (1) 


J  =J  -I- 

"■  "  Brr  ILBrr 


In  ■ 


where  J„  is  the  transparency  current  density,  a  is  the  inter¬ 
nal  loss  (active  region  and  waveguiding),  d  is  the  active  re¬ 
gion  thickness,  e  is  the  absolute  value  of  the  electron  charge, 
r  is  the  effective  recombination  time  near  transparency,  B  is 
the  differential  gain  constant,  T  is  the  optical  confinement 
factor,  L  is  the  laser  cavity  length,  and  R ,  and  R^  are  the  end 
facet  reflectivities.  In  a  GRIN-SCH  SQW  a  can  be  expected 
to  be  small  (<2  cm"')."*  The  transparency  carrier  density 
for  a  SQW  is  nearly  the  same  as  that  for  a  conventional  dou¬ 
ble  heterostructure  (DH),*  but  the  active  region  volume  is 
much  smaller  in  a  SQW  than  in  a  DH  so  is  much  smaller 
for  a  SQW.  This  means  that  a  SQW  with  appropriate  optical 
confinement  will  have  a  much  lower  threshold  than  a  DH; 
furthermore,  decreasing  the  end  losses  will  lead  to  a  much 
more  significant  reduction  in  threshold  current  for  a  SQW 
than  for  a  DH  laser,  because  the  end  losses  account  for  a 
much  greater  fraction  of  the  threshold  gain  for  the  SQW.  We 


can  take  advantage  of  this  experimentally  by  evaporating 
high  reflectivity  dielectric  coatings  on  the  cleaved  facets  of 
GRIN-SCH  SQW  lasers  to  reduce  the  end  losses.  In  this 
article  we  report  on  extremely  high  quality  molecular-beam 
epitaxy  (MBE)  growth  of  GRIN-SCH  SQW  lasers  neces¬ 
sary  for  improvement  in  BH  GRIN-SCH  SQW  lasers  and 
report  on  results  with  BH  GRIN-SCH  SQW  lasers  with  high 
reflectivity  coatings. 

GRIN-SCH  SQW  structures  were  grown  on  ( 100)  GaAs 
substrates  doped  with  Si  to  a  level  of  about  5x  10''  cm"^ 
After  the  standard  wafer  preparation  and  oxide  desorption, 
a  1.5-/xm-thick  buffer  layer  of  «-GaAs  was  grown  at  600  °C 
followed  by  a  1.5-/xm-thick  n-Alo  jGao  ,  As  cladding  layer 
grown  at  700  ’C.  ( In  some  samples  a  five  period  short  period 
superlattice  was  grown  between  the  buffer  layer  and  clad¬ 
ding  layers  to  impede  impurity  diffusion. )  The  n-AlGaAs 
was  graded  in  composition  from  50%  to  20%  AlAs  over 
1750  A  before  the  growth  of  a  SQW  with  a  thickness  that 
varied  between  40  and  100  A.  Following  the  quantum  well,  a 
p-AlGaAs  layer  graded  from  20%  to  50%  AlAsover  1750  A 
was  grown,  and  was  capped  with  a  1.5  |xm  p- Al<,,s  Ga,, ,  As 
cladding  layer.  A  0.5  /xm  p‘''-GaAs  layer  was  then  grown  on 
top  to  facilitate  contact  formation.  A  schematic  diagram  of 
the  structure  is  shown  in  Fig.  1. 

Broad  area  lasers  (110  /xm  wide)  from  structures  with 
quantum  well  thicknesses  of 40, 60, 80,  and  I(X)  A  were  fabri¬ 
cated  and  tested  for  their  spectrum  and  current-light  charac¬ 
teristics.  Cavity  lengths  ranging  from  ~  500  to  3000  /xm 
were  examined.  The  best  results  were  achieved  for  a  520-/xm- 
long  device  with  an  80-A-wide  quantum  well  which  had  a 
threshold  current  density  of  93A/cm^.  Table  I  details  the 
laser  threshold  current  densities  for  long  (longer  than  3 
mm)  devices  obtained  from  the  onset  of  lasing  emission  atop 
spontaneous  emission.  In  the  range  of  lengths  (3.09-3.29 
mm)  examined,  length  differences  should  not  affect  the 
threshold  current  density  appreciably,  while  with  shorter 
devices  (400-600  /xm)  length  differences  would  change 

S)  1988  American  Vacuum  Society 


889  J.Vac.Sci.Technol.  B6(2),Mar/Apr1988  0734-211X/88/020689-03S01.00 


689 


690 


D«rry  etat.:  Ultralow  threshold  graded-index 


690 


I . 

0.0  0.5 

3.6  3.3 


1.5  pm  p-Gag  jAI^As 

1750A  graded  o- 
CSq^AIq^  As-*GaQ  jAIq  jAs 


lOOA  GaAs 


1750A  graded  n- 


-• —  1.5pm  n-GaojAljjAs 


1.5pm  n*  -GaAs 
Buffer 


— —  n*  -GaAs  Substrale 

Al  content  in  Ga,  „  Al,  As 
Index  of  Refraction  at  850  nm 


Fig.  1 .  Schematic  diagram  of  a  GRIN-SCH  SQW  laser  showing  layers  and 
their  indexes  of  refraction. 


threshold  current  density  significantly.  Therefore  with  long 
devices  we  can  determine  the  dependence  of  threshold  cur¬ 
rent  density  on  quantum  well  width  more  easily.  A  striking 
observation  is  that  the  threshold  current  density  is  not  ap¬ 
preciably  dependent  on  the  quantum  well  thickness  in  the 
range  studied.  This  is  attributed  to  the  optical  modal  gain 
being  proportional  to  the  quantum  well  thickness,  whereas 
the  quantum  well  medium  gain  is  inversely  proportional  to 
the  quantum  well  size.  The  results  indicate  that  these  two 
effects  nearly  cancel  each  other  over  a  certain  range.*  In  the 
limit  of  very  thin  (  <  20  A)  and  very  wide  (  >  200  A)  quan¬ 
tum  wells  however,  substantially  higher  threshold  currents 
are  expected,  due  to  loss  of  carrier  confinement  in  the  former 
and  the  onset  of  three-dimensional  density  of  states  in  the 
latter. 

Some  of  the  GRIN-SCH  100  A  SQW  structures  were  then 
used  to  fabricate  buried  lasers.  Broad  area  devices  450  ^m 
long  and  100  A  wide  fabricated  from  this  earlier  material 
had  threshold  current  densities  of  ~450  A/cm’.  Mesas  2 
/um  wide  were  etched  through  the  MBE  layers  down  to  the 
substrate.  A  1  ;um  p-Alo  jGao  TAs  layer  and  a  3  /xm  n- 
Alo^GaorAs  layer  were  grown  by  liquid  phase  epitaxy 
( LPE)  to  provide  current  confinement.  A  shallow  Zn  diffu¬ 
sion  was  performed  to  facilitate  formation  of  an  Ohmic  con¬ 
tact  on  the  p  side  of  the  device,  and  Ohmic  contacts  were 
applied.  Finished  devices  had  an  active  layer  stripe  width  of 
1  ^m.  These  devices  were  found  to  have  average  internal 
losses  (including  waveguiding  losses)  of  ~  13  cm~'. 

The  modal  gain  g  for  a  semiconductor  laser  is  given  by 


,  1  I  I 

g  =  a  H - In - 

2L  R,R. 


(2) 


Using  this  relationship,  the  measured  value  of  the  loss,  and 


Table  I.  Laser  characteristics  vs  quantum  well  width. 


Well  width 

Cavity  length 

Lasing  wavelength 

J,. 

100  A 

3.29  mm 

8702  ±  30  A 

113  A/cm* 

80  A 

3.21  mm 

8640  ±  23  A 

93  A/cm* 

60A 

3.09  mm 

8578  ±  21  A 

120  A/cm* 

40A 

3.24  mm 

8363  ±  24  A 

1 17  A/cm* 

Length  (^m) 


Ffc.  2.  Calculated  threshold  current  for  a  BH  GRJN-SCH  SQW  laser  with 
various  cavity  lengths  and  facet  reflectivities.  Experimental  points  are  also 
shown. 


the  gain  versus  current  relationship  calculated  in  the  manner 
of  Arakawa  and  Yariv,’  expected  values  of  threshold  current 
for  various  cavity  lengths  and  facet  reflectivities  were  calcu¬ 
lated.  These  theoretical  results  are  shown  in  Fig.  2.  Experi¬ 
mental  results  for  cavity  lengths  of  250,  1 80,  and  1 20/rm  are 
also  shown  in  Fig.  2.  Threshold  currents  were  measured  cw 
at  room  temperature.  The  most  dramatic  threshold  reduc¬ 
tions  with  high  reflectivity  coatings  were  obtained  for  short 
lasers  since  end  losses  are  more  significant  for  shorter  cav¬ 
ities.  As  shown  in  Fig.  3  ( b )  with  no  high  reflectivity  coatings 
a  120-;um-long  laser  had  a  threshold  of  5.5  mA.  When  both 
end  facets  were  coated  to  ~  80%  reflectivity  the  threshold 
current  for  the  same  laser  was  reduced  to  0.55  mA  as  shown 
in  Fig.  3(a).  This  value  represents  a  substantial  benchmark 
for  lasers  intended  for  optical  computing. 

The  delay  time  for  the  onset  of  lasing  following  a  current 
pulse  of  amplitude  /assuming  a  constant  carrier  lifetime  r,  is 
given  by* 


for  large  I,  where  /,h  is  the  cw  threshold  current.  Clearly 
lasers  with  small  7,^  will  have  shorter  delay  times  for  pulses 
of  equal  amplitude.  We  have  measured  the  delay  time  for  a 
BH  GRIN-SCH  SQW  laser  with  a  cavity  length  of  250  ^m, 
~  70%  reflectivity  coatings  on  both  facets  and  a  cw  thresh¬ 
old  current  of  0.95  mA.  A  direct  pulse  current  without  bias 
was  applied  to  the  laser.  The  drive  pulse  amplitude  was  con¬ 
trolled  by  a  broadband  continuously  variable  rf  attenuator. 
The  pulse  shape  was  maintained  in  all  measurements.  To 
accurately  measure  the  switch-on  delay  down  to  <  50  ps 
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Fig.  3.  Light  output  vs  current  curve  for  a  120-/im-long  BH  GRIN-SCH 
SQW  laser  with  (a)  high  reflectivity  coated  cleaved  facets  and  (b)  uncoated 
cleaved  facets.  Both  curves  are  for  the  same  laser. 


time  scale  it  was  assumed  that  the  laser  turns  off  without 
delay  at  the  termination  of  the  current  pulse;  this  assumption 
was  well  supported  by  the  observed  data.  The  results,  shown 
in  Fig.  4,  demonstrate  that  the  laser  had  a  switch-on  delay  of 
between  20  and  50  ps  with  a  modest  30  mA  pulse  drive. 

In  cases  where  a  laser  is  modulated  by  a  real  digital  pulse 
stream,  the  starting  condition  for  each  pulse  is  affected  by 
the  charge  leftover  from  the  previous  pulse  if  one  existed.”® 


Fig.  4.  Measured  switch-on  delay  vs  pulse  current  amplitude  for  a  2}0-^m- 
long  BH  GRIN-SCH  SQW  with  ~  70%  reflectivity  facet  coatings  and  a  cw 
threshold  current  of  0.95  mA. 


The  charge  density  typically  stays  at  slightly  below  the 
threshold  level  following  an  optical  pulse,  and  decays  with  a 
time  constant  equal  to  the  carrier  lifetime.  The  second  of  two 
consecutive  optical  pulses  will  have  a  higher  amplitude:  this 
is  called  the  pattern  effect.  When  driven  by  two  consecutive 
current  pulses  separated  by  as  little  as  200  ps  ( limited  by  the 
rise  time  of  the  pulser)  the  present  BH  GRIN-SCH  SQW 
lasers,  however,  showed  no  pattern  effect. 

In  conclusion,  we  have  demonstrated  very  low  current 
density  broad  area  lasers  which  can  be  applied  to  fabricating 
submilliampere  buried  GRIN-SCH  SQW.  We  have  fabri¬ 
cated  BH  GRIN-SCH  SQW  (Al,Ga)As  lasers  with  high 
reflectivity  coatings  which  have  cw  threshold  currents  as 
low  as  0.55  mA.  We  have  also  demonstrated  that  these  lasers 
can  be  modulated  directly  at  high  speed  with  logic-level 
drives  without  the  need  for  current  prebias.  The  lasers  exhib¬ 
it  truly  on-off  switching  with  switch-on  delays  of  <  50  ps; 
the  pattern  effect  is  eliminated.  Since  our  best  GRIN-SCH 
SQW  lasers  were  not  used  for  making  buried  lasers  and  the 
regrowth  was  not  optimized  for  limiting  current  leakage 
( which  was  significant )  we  expect  that  threshold  currents  as 
low  as  0.2  mA  should  be  realizable  with  optimized  devices. 
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Single  quantum  well,  graded  refractive  index  separate  confinement  heterostucture 
( SQW  GRINSCH )  lasers  with  well  thicknesses  in  the  range  of  65-480  A  have  been  grown  by 
molecular  beam  epitaxy  (MBE)  on  ( 100)  and  off  of  ( 100)  by  4'  toward  (111)4  substrates. 

The  threshold  current  density  appears  to  be  independent  of  the  well  thickness  in  the  range  of 
65-165  A  due  to  the  compensating  effects  of  volume  of  inversion  and  optical  confinement. 

Under  optimum  growth  conditions,  the  tilted  substrates  led  to  lower  threshold  current 
densities,  the  lowest  value  being  93  A/cm*  for  a  520-/im-long  cavity  laser  with  a  125-A-thick 
well.  To  our  knowledge,  this  is  by  far  the  best  ever  reported  threshold  current  density  obtained 
in  a  semiconductor  injection  laser.  Deviations  from  optimum  growth  conditions  drastically 
increased  the  threshold  current  density  on  ( 100)  substrates  whereas  the  degradation  for  those 
on  the  tilted  substrates  was  much  less  pronounced. 


Properties  of  heterojunction  GaAs/AlGaAs  devices 
and  quantum  wells  depend  strongly  on  the  quality  of  GaAs 
layers  sandwiched  between  two  AIGaAs  layers.  Two  heter¬ 
ointerfaces  thus  formed  are  not  necessarily  identical  because 
the  inverted  interface  is  formed  between  the  GaAs  grown  on 
AIGaAs,  and  the  normal  interface  is  a  result  of  AIGaAs 
grown  on  GaAs. '  Due  to  the  small  surface  migration  rate  of 
Al  and/or  the  enhanced  impurity  surface  segregation  in 
AIGaAs,  the  inverted  interface  is  generally  believed  to  be 
rough  which  causes  excessive  scattering  and  loss,  and  con¬ 
tains  larger  amounts  of  impurities.**’  In  the  case  of  molecu¬ 
lar  beam  epitaxy  (MBE),  this  problem  is  alleviated  some¬ 
what  by  growing  the  AIGaAs  layer  at  substrate 
temperatures  slightly  higher  than  700  ’C  where  the  surface 
mobility  of  Al  is  satisfactory.  At  these  elevated  temperatures 
it  has  also  been  suggested  that  the  AS4  (often  used)  is 
cracked  at  the  surface  to  AS2  which  has  a  much  higher  stick¬ 
ing  coefficient,  thus  leading  to  enhanced  structural  and  elec¬ 
tronic  properties.^ 

In  a  more  recent  investigation,  Tsui  era/.’  have  reported 
on  the  optical  and  morphological  quality  of  AIGaAs  using 
AS4,  grown  below  700  *C  on  tilted  substrates.  Tsui  er  a/.*  also 
extended  their  work  to  include  GaAs/ AIGaAs  single  quan¬ 
tum  well  heterostructures,  which  are  very  sensitive  to  the 
quality  of  the  AIGaAs  buffer  layer  where  a  substantial  shar¬ 
pening  of  the  photoluminescence  linewidths  on  tilted  sub¬ 
strates  was  observed.  The  improved  results  in  both  investiga¬ 
tions  were  obtained  only  when  the  ( 100)  substrates  were  cut 
at  an  angle  ranging  from  2.53’  to  7*  towards  one  of  the  near¬ 
est  ( 1 1 1 )  4  planes. 

In  this  letter  we  report  on  AlGaAs/GaAs  lasers  grown 
on  ( 100)  GaAs  substrates  tilted  toward  (111)4  by  4*,  and 
show  that  the  tilted  substrates  produce  lasers  with  consis¬ 
tently  lower  threshold  current  densities  than  the  nominal 
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( 100)  substrates.  The  improvements  became  very  substan¬ 
tial  when  growth  conditions  other  than  those  found  to  be 
optimal  for  ( 100)  growth  are  used. 

Structures  studied  were  grown  by  MBE  on  GaAs  sub¬ 
strates  with  straight  (100)  surfaces  and  on  those  tilted  4° 
toward  one  of  the  nearest  (111)4  planes.  In  order  to  avoid 
any  experimental  errors,  straight  and  tilted  substrates  were 
mounted  side  by  side  on  the  same  wafer  holder.  Graded  in¬ 
dex  separate  confinement  heterostructure  single  quantum 
well  (GRINSCH  SQW)  lasers  were  used  as  a  test  for  the 
investigation  of  the  substrate  tilting.  The  lasers  consisted  of  a 
1.5-//m  n-type  GaAs  buffer  layer,  then  a  1.5-^m  n-  and  p- 
cladding  layer  on  each  side  of  the  GRINSCH  region  which  is 
a  0.35-^m  graded  waveguide  with  a  single  quantum  well  at 
the  center,  and  capped  with  a  0.5-fim  GaAs  p*  layer  for 
ohmic  contact.  In  one  series,  the  growth  condition  optimum 
for  the  ( 100)  growth,  i.e.,  700  ’C  substrate  temperature,  was 
used  with  quantum  well  thicknesses  of  65, 95,  125,  165,  3(X), 
and  480  A.  In  another  series,  the  125- A  structure  was  used  as 
a  test  where  the  growth  temperature  was  changed  from  7(X) 
to  680  *C  and  then  to  660  °C,  nonoptimum  for  the  straight 
( 1(X})  substrates.  Broad  area  lasers  with  a  stripe  width  of  1 10 
^m  and  cleaved  cavity  length  ranging  from  500  to  3300  jum 
were  fabricated  from  the  16  samples  grown.  The  lasing 
threshold  current  and  emission  wavelength  were  determined 
by  the  observation  of  a  sharp  spike  in  the  spectrum  atop  the 
spontaneous  emission  background  using  an  optical  multi¬ 
channel  analyzer,  and  then  compared  to  the  light-current 
plot  which  yielded  identical  results. 

Figure  1  summarizes  the  threshold  current  densities  for 
the  six  different  quantum  well  widths  (65, 95,  125,  165,  300. 
480  A)  used  on  both  tilted  and  straight  (100)  substrates, 
whereas  the  lasing  wavelength  and  cavity  lengths  associated 
with  this  series  of  lasers  are  tabulated  in  Table  1.  The  cavity 
lengths  listed  in  Table  I  were  chosen  to  be  long  enough  (  =;  3 
mm)  such  that  the  mirror  loss  can  be  neglected,  and  the 
threshold  current  densities  will  reflect  the  intrinsic  optical 
quality  of  the  structures.  It  is  clear  from  the  results  that  the 
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FIG  I.  Laser  threshold  current  density  vs  the  quantum  well  thickness  in 
GaAs/AIGaAsGRINSCH  SQW  lasers  grown  on  straight  ( 100)  (open  cir¬ 
cles)  and  on  ( 100)  tilled  towards  ( 1 1 1  )/4  by  4*  (closed  circles). 


threshold  densities  are  consistently  lower  for  lasers  grown 
on  the  tilted  substrates. 

Drastic  changes  in  the  performance  of  lasers  on  both 
tilted  and  straight  ( 100)  substrates  are  observed  when  the 
substrate  temperature  is  dropped  to  680  ‘C  in  one  experi¬ 
ment  and  to  660  *C  in  another,  as  shown  m  Table  II.  For  the 
680  *C  growth,  the  difference  in  surface  morphologies 
between  two  substrates  clearly  favored  the  tilted  ones. 
Threshold  current  density  measurements  further  showed 
that  the  lasers  on  straight  ( 100}  substrates  exhibited  thresh¬ 
old  current  density  {J,^  =  472  A/cm’),  three  times  higher 
than  that  on  the  tilted  one  (/,h  =  163  A/cm^).  For  the 
660  *C  growth,  the  surface  morphology  of  growth  on  the 
straight  ( 100)  substrate  was  significantly  worse  than  that  on 
the  tilted  one,  and  as  a  result,  the  lasers  on  the  straight  ( 100) 
substrate  failed  to  lase  at  a  current  density  as  high  as  6000  A/ 
cm^  while  the  lasers  on  the  tilted  substrate  lased  with  J,^  of 
403  A/cm^  In  addition,  GRINSCH  lasers  with  a  35-A 
quantum  well  size  were  also  used  to  study  the  effect  of  exces¬ 
sive  outgasing  of  the  GaAs  substrates  before  growth  ( loss  of 
As  stabilized  surface ) .  The  tilted  substrate  led  to  a  threshold 
current  density  of  about  203  A/cm^  while  the  straight  one 
produced  543  A/cm^.  This  is  also  a  clear  indication  that  the 
tilted  substrates  provide  a  wider  range  of  growth  tempera¬ 
ture  where  good  results  can  be  obtained.  These  observations 
are  extraordinary  not  only  in  the  sense  that  the  threshold 
current  densities  obtained  on  both  tilted  and  straight  ( 100) 


TABLE  I.  Laser  characteristics  versus  quantum  well  width  grown  at 
700  "C. 


Substrate 

i..  (A) 

L  (mm) 

(100) 

480 

3.15 

8860  ±  17  A 

343  A/cm' 

4*-(lll)/< 

480 

3.01 

8867  ±  22  A 

316  A/cm' 

(100) 

300 

3.28 

8870  ±  25  A 

238  A/cm' 

4*-(lll)/4 

300 

3.14 

8850  ±  18  A 

203  A/cm" 

(100) 

I6S 

3.20 

8712  ±26  A 

130  A/cm" 

4*-(1II).4 

I6S 

3.29 

8692  ±  31  A 

115  A/cm' 

(100) 

125 

3.26 

8652  -1-  26  A 

1 14  A/cm' 

4*-(I11)/4 

125 

3.30 

8628  ±  17  A 

80  A/cm' 

(100) 

95 

3.18 

8582  ±  19  A 

148  A/cm- 

4*-(III)/4 

95 

3.09 

8574  ±  23  A 

120  A/cm' 

(100) 

65 

3.19 

8378  ±  20  A 

124  A/cm' 

4*-(m)/< 

65 

3.24 

8349  ±  18  A 

1 17  A/cm- 

substrates  are  the  lowest  ever  reported  by  nearly  a  factor  of 
2,^  but  also  in  that  the  tilted  substrates  always  produced 
much  better  results,  and  were  far  more  tolerant  to  deviations 
from  the  optimum  conditions.  This  means  that  extensive  tri¬ 
al  and  error  type  of  time  consuming  procedures  can  be  eli¬ 
minated  since  there  is  no  reliable  method  of  MBE  substrate 
temperature  measurement. 

The  enhanced  results  on  tilted  substrates  can  be  attri¬ 
buted  in  part  to  the  fact  that  tilted  surfaces  have  steps  ter¬ 
minated  with  Ga.  As  a  result.  As  incident  on  the  surface  can 
form  three  bonds,  two  to  the  Ga  atoms  on  ( 1 CX) )  surface,  and 
one  to  the  Ga  atom  on  the  ( 1 1 1 )  face  of  the  step.  Thus,  an 
increased  As  sticking  probability  is  obtained  which,  as  the 
results  suggest,  will  lead  to  smooth  AlGaAs  layer  surfaces. 
In  addition,  a  second  mechanism  suggested  by  Rode  et  al..’* 
that  the  stepped  surfaces  minimize  energetic  instabilities  at 
the  growing  surface,  may  also  be  responsible. 

In  conclusion,  we  have  demonstrated  that  tilted  sub¬ 
strates  result  in  improved  optical  quality  and  lower  thresh¬ 
old  current  densities  in  quantum  well  lasers  grown  on  GaAs 
substrates.  More  important,  the  surface  morphology  of 
growth  on  the  tilted  ( 100)  substrates  is  less  sensitive  to  the 
growth  conditions,  making  it  easier  to  grow  low  threshold 
current  laser  material.  In  the  process  of  this  study,  the 
threshold  current  density  in  GRINSCH  lasers  has  been  re¬ 
duced  to  93  A/cm*  for  a  cavity  length  of  520 /im  ( 80  A/cm' 
was  obtained  for  a  3.3-mm-long  cavity).  In  addition,  the 
threshold  current  density  has  been  observed  to  be  insensitive 
to  quantum  well  thickness  in  the  range  of  65-123  A. 


TABLE  11.  Laser  characteristics  versus  substrate  temperature  during  growth  and  outgasing  conditions. 


Substrate 

CO 

L,  (A) 

L  (mm) 

-i.. 

(100) 

680 

125 

3.08 

8636  ±  7  A 

472  A/cm' 

4‘-(lll)/« 

680 

125 

3.06 

8670  ±  20  A 

163  A/cm- 

(100) 

660 

125 

3  14 

not  lasing 

4‘-(11l)/< 

660 

125 

3.16 

8675  ±  21  A 

403  A/cm" 

(100)* 

700 

35 

3  10 

8017 -1-29  A 

548  A/cm" 

4*-(llt),4* 

700 

35 

3.17 

8075  ±  31  A 

205  A/cm' 

‘The  subatrau  was  outgaated  at  extremely  high  temperatures. 
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Area  Lasers 

DAVID  MEHUYS,  student  member,  ieee,  ROBERT  J.  LANG,  member,  ieee,  MICHAEL  MITTELSTEIN. 
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Atomct— The  lateral  inodes  of  broad  area  lasers  are  investigated 
theoretically.  The  nonlinear  interaction  between  optical  Bold  and 
effective  refractive  index  leads  to  a  saturable  nonlinearity  in  the  gov¬ 
erning  field  equation,  so  that  self-modulated  solutions  are  found  to  be 
stable  with  increased  current  injection  above  saturation  intensity.  We 
derive  approximate  analytical  solutions  for  traveling  wave  fields  within 
the  broad  area  laser.  The  field  amplitude  consists  of  a  small  ripple 
superimposed  on  a  large  dc  value.  Matching  fields  at  the  boundary 
determines  the  modulation  depth  and  imparts  an  overall  phase  curv¬ 
ature  to  the  traveling  wave  mode.  There  are  multiple  lateral  modes  for 
a  given  set  of  operating  conditions,  and  modes  with  successively  more 
lobes  in  the  ripple  have  greater  overall  phase  curvature.  In  contrast  to 
the  linear  problem,  several  lateral  modes  can  achieve  the  same  modal 
gain,  for  a  given  injected  current  density,  by  saturating  the  gain  to 
different  extent.  Thus,  these  modes  would  exhibit  slightly  different  op¬ 
tical  powers. 


I.  Introduction 

N  PRINCIPLE,  the  most  direct  way  to  increase  the  op¬ 
tical  power  available  from  a  semiconductor  laser  is  to 
increase  the  volume  of  the  lasing  mode.  It  is  not  sufficient 
merely  to  increase  the  pump  level  because  the  resonator 
facets  are  susceptible  to  catastrophic  damage  at  high  op¬ 
tical  powers.  The  simplest  practical  recourse  is  to  in¬ 
crease  the  lateral  dimension.  In  the  past,  stripe  geometry 
lasers  wider  than  about  10  fim  exhibited  filamentary  near 
fields  that  were  not  stable  with  respect  to  increased  cur¬ 
rent  injection  and  gave  rise  to  equally  unstable  far-field 
patterns.  Thus  stripe  geometry  lasers  were  fabricated  to 
support  only  a  single  “filament,”  [1]  and  the  high-power 
effort  shifted  toward  building  phased  arrays  of  such  la¬ 
sers.  It  was  difficult,  however,  to  fabricate  arrays  in  which 
adjacent  elements  were  coupled  in-phase.  In  fact,  twin- 
lobed  far-field  patterns  were  the  rule  rather  than  the  ex¬ 
ception,  because  the  preferred  lasing  mode  in  uniform  ar¬ 
rays  is  not  the  fundamental  supermode  [2]  of  the  array. 
Subsequently,  many  schemes  have  been  proposed  to  favor 
the  fundamental  supermode,  and  several  groups  have  re- 
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ported  laser  arrays  oscillating  into  a  single-lobed  far  field 
[3]-[13].  However,  all  of  the  above  require  an  additional 
degree  of  complexity  in  array  design  and  fabrication,  and 
true  single  lateral  mode  operation  remains  difficult  to 
achieve  over  a  large  range  of  injected  current  density. 
More  elaborate  schemes  such  as  unstable  resonator  ge¬ 
ometries  [14]  show  promise  but  are  still  technologically 
immature. 

Recently,  our  group  demonstrated  [15]  wide  (  >100 
^m)  uniform  gain  broad  area  quantum  well  lasers  that  os¬ 
cillate  coherently  into  a  nearly  diffraction-limited  single- 
lobed  far-field  pattern.  The  emission  was  stable  over  a 
large  range  of  injected  current,  and  a  gradual  broadening 
of  the  far  field  with  increasing  power  level  was  the  only 
apparent  degradation.  The  near  field  was  characterized  by 
a  relatively  flat  amplitude  with  a  small  (  »  10  percent)  su¬ 
perimposed  ripple;  the  ripple  period  was  close  to  10  jim. 
Such  a  field  cannot  be  explained  by  the  simple  linear  the¬ 
ory  of  gain-guided  structures.  This  led  to  renewed  interest 
on  our  part  in  the  basic  properties  and  expected  perfor¬ 
mance  of  such  devices.  In  this  paper,  we  investigate  the 
theoretical  behavior  of  these  broad  area  lasers. 

In  particular,  we  intend  to  characterize  the  optical 
modes  consistent  with  a  heavily  saturated  gain  profile.  Our 
devices  were  driven  up  to  60  times  threshold  [16],  so  we 
are  most  interested  in  characterizing  the  high-power  re¬ 
gime.  In  this  regime,  the  intensity  dependence  of  the  car¬ 
rier  density  and  the  resulting  changes  in  the  refractive  in¬ 
dex  must  be  included  in  the  analysis.  They  provide  the 
positive  feedback  between  the  field  and  the  material  which 
forms  its  confining  waveguide.  It  is  well-known  that  this 
feedback  is  the  basis  of  the  regenerative  self-focusing 
mechanism  that  leads  to  filamentation  [17].  In  regions  of 
high  optical  intensity,  the  local  gain  is  depressed  by  stim¬ 
ulated  emission.  Through  the  band-edge  effect,  this 
depression  leads  to  a  local  increase  in  refractive  index, 
which  tends  to  further  confine  the  light  and  increase  the 
local  field  intensity.  Thompson,  in  1972,  analyzed  optical 
nonlinearities  due  to  carrier  depletion  and  found  them  to 
introduce  a  third-order  nonlinearity  in  the  field  equation 
[17].  His  solutions  in  unbounded  media  were  either  soli¬ 
tary  “filaments,”  or  periodic  solutions  consisting  of  ad¬ 
jacent  “filaments”  coupled  either  in  phase  or  in  anti¬ 
phase.  A  serious  limitation  of  his  approach  was  the 
restriction  to  real  refractive  index  variations  only.  As  he 
pointed  out,  this  restriction  makes  it  impossible  to  match 
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his  multifilament  solutions  to  lossy  boundaries,  and  thus 
excludes  the  eigenfunctions  of  gain-guided  lasers  (which 
we  introduce). 

Since  then,  much  of  the  work  in  the  literature  [18]-[21] 
has  focused  on  analyzing  the  stability  of  solitary  filaments 
and  providing  design  guidelines  [22]  for  narrow  stripe- 
geometry  lasers.  In  this  work,  we  focus  on  the  “multi¬ 
filament''  solutions  which  are  important  in  broad  area  la¬ 
sers.  However,  since  the  modulation  depth  of  our  solu¬ 
tions  is  relatively  small,  it  is  inaccurate  to  characterize 
these  solutions  as  “coupled  filaments.’'  In  fact,  to  the 
contrary,  these  modes  evolve  in  a  smooth  way  from  higher 
order  modes  of  the  complex  linear  waveguide.  Further, 
we  show  that  gain  saturation  is  responsible  for  the  sta¬ 
bilization  of  “filament''  size.  Lateral  carrier  diffusion 
does  not  play  a  significant  role  in  this  stabilization. 

II.  Carrier-Dependent  Refractive  Index 

In  this  section  the  complex  refractive  index  is  written 
to  include  the  carrier  dependence.  Throughout  this  work 
we  consider  traveling  waves  of  the  form 

8(.x,y,z.  0  =  (1) 

where  x  is  the  lateral  dimension,  y  the  transverse  dimen¬ 
sion,  and  z  the  direction  of  propagation.  The  propagation 
constant  is  &  and  the  angular  frequency  w.  E{x)  is  the 
unknown  lateral  mode,  and  F{x,  y)  gives  the  transverse 
mode  field  distribution.  As  the  problem  cannot  be  solved 
exactly  by  separation  of  variables,  the  transverse  mode 
shape  conuins  a  slowly-varying  dependence  on  the  lateral 
coordinate  [23]. 

Under  these  approximations,  the  lateral  mode  E{x)  sat¬ 
isfies  the  Helmholtz  equation 

^^  +  k§{n,^f(x)-7,^}£(x)  =  0.  (2) 

where  nlff(x)  is  the  usual  effective  index  determined  by 
solving  the  transverse  eigenmode  problem  at  each  value 
of  X.  The  eigenvalue,  is  defined  by  the  longitudinal 
propagation  constant  0  =  koii,  and  kg  is  the  free-space 
propagation  constant. 

The  physical  origin  of  the  self-focusing  mechanism  lies 
in  the  local  depression  of  the  gain  profile  by  stimulated 
emission  (spatial  hole-burning),  and  this  is  what  we  shall 
quantify  first.  It  will  then  be  incorporated  into  the  effec¬ 
tive  refractive  index.  Fig.  1(a)  shows  a  broad  area  device 
of  the  type  we  shall  consider.  The  laser  shown  is  a  single 
quantum  well  separate  confinement  heterostructure  known 
to  give  very  low  threshold  densities  [24].  Fig.  1(b)  and 
(c)  show  representative  optical  modes  of  the  transverse 
and  lateral  waveguides,  respectively.  The  transverse  mode 
is  index-guided,  and  for  the  single  quantum  well  of  thick¬ 
ness  Ly,  it  is  characterized  by  a  small  optical  confinement 
factor  r. 

The  lateral  waveguide  is  formed  by  the  current  stripe 
and  the  lateral  mode  depends  on  the  gain  and  index  pro¬ 
files  introduced  by  the  steady-state  carrier  distribution.  In 


(a) 


Fig.  1.  (a)  Stripe-geometry  broad  area  laser  with  coordinate  system  used 
in  this  analysis,  (b)  Fundamental  transverse  mode  of  graded  index  single 
quantum  well  structure,  showing  very  small  optical  confinement  factor, 
(c)  Nonlinear  lateral  mode  as  observed  from  our  best  devices.  The  gain 
is  locally  depleted  by  stimulated  emission  in  the  high  intensity  regions, 
leading  to  an  increase  in  the  local  refractive  index  and  the  phenomenon 
of  self-focusing. 


the  carrier  rate  equation  we  shall  consider  one-dimen¬ 
sional  variables,  since  we  have  separated  out  the  longi¬ 
tudinal  dependence  and  integrated  out  the  transverse  de¬ 
pendence.  When  the  lateral  mode  “sees"  an  effective 
index  the  steady-state  rate  equation  becomes  [19], 
[20] 


®  =  (-^)r,(iv(x))  pw 

,  N(x)  ^d^N(x) 

^  j  2 

Tsp  dx 


(3) 


where 

J(x)  =  injected  current  density  [cm"’  s“'  ] 

N(x)  =  carrier  density  [cm“^  ] 

P{x)  =  photon  density  in  lateral  mode  E(x)  [cm"’  ] 
g(x)  =  spatial  gain  profile  in  the  quantum  well 
[cm"'  ] 

Tjp  =  spontaneous  lifetime  [s] 

D  =  lateral  diffusion  coefficient  [cm*  V  s"'  ]. 


Equation  (3)  states  that  at  a  given  position  x,  the  carriers 
gained  by  injected  current  are  balanced  in  steady  state  by 
losses  due  to  stimulated  and  spontaneous  emission  and  by 
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lateral  diffusion.  Nonradiative  recombination  processes 
can  be  lumped  into  the  spontaneous  emission  lifetime  Tsp. 
We  define  a  normalized  saturated  gain  profile  as 

^Ui  ^(h 


where,  as  is  customary  [17],  we  have  linearized  about  the 
threshold  gain  g,h  ■  ^th  >s  the  differential  gain 

(with  respect  to  carrier  density)  at  threshold.  The  dimen¬ 
sionless  quantity  t  (x)  quantifies  the  spatial  hole-burning, 
giving  the  deviation  from  threshold  gain  in  units  of  the 
threshold  gain.  Equation  (3)  can  now  be  expressed  as  a 
second-order  linear  ordinary  differential  equation  in  the 
normalized  saturated  gain  profile: 


2 

^  dx^ 


1  -F 


P{x)  J{x)  -  y,H 


(5) 


where  the  following  definitions  have  been  made: 

isp  »  Otsp  (6a) 


ntff/c 

^sp 


(6b) 


(6c) 


J 

’'sat  *  ,  • 


(6d) 


L,p  is  the  diffusion  length  when  the  carrier  lifetime  is  de¬ 
termined  solely  by  spontaneous  emission  and  7,h  is  the 
threshold  current  density.  The  equation  has  no  simple  so¬ 
lution,  as  the  diffusion  operator  L  is  A;-dependent: 


L(x) 


1  -t- 


P{x) 


(7) 


and  /’(x)  is  still  unknown.  We  can,  however,  find  an  ap¬ 
proximate  solution  in  terms  of  P(x).  Since  Pix)  >  0  for 
all  X,  it  is  appropriate  to  find  a  WKB  approximation  for 
the  Green’s  function  of  L{x)  [25]: 


x') 


The  Green’s  function  is  integrated  against  the  right-hand 
side  of  (5)  and  the  integral  is  expanded  asymptotically  in 
powers  of  the  diffusion  length.  The  result  for  the  saturated 


gain  profile  is  as  follows: 


y{x)  ~  yo{x)  + 


J  ,  P(-c) 
Psat 


(9) 


where 


7o(-r) 


Jjx)  -  7,h  P(x) 


1  + 


P{x) 


(10) 


is  the  solution  when  diffusion  is  neglected.  Consider  a 
saturated  gain  profile  that  reflects  a  self-modulated  near 
field.  While  the  level  of  the  losses  determines  the  average 
gain  level,  regions  of  relatively  high  (low)  optical  inten¬ 
sity  cause  regions  of  local  depression  (elevation)  in  the 
gain.  This  effect,  due  to  stimulated  emission,  is  dominant 
and  is  represented  by  the  first  term  in  (9).  In  addition, 
diffusion  will  cause  some  of  the  carriers  to  shift  from  re¬ 
gions  of  high  gain  to  regions  of  low  gain— filling  in  the 
gaps— and  this  effect  is  represented  by  the  second  term  in 
(9);  it  is  a  correction  to  the  first  term. 

Now,  suppose  that  y{x)  oscillates  about  zero  with  a 
periodicity  defined  by  transverse  wave  vector  k,.  Com¬ 
pared  to  the  first  term  in  (9),  the  diffusion  term  is  of  order 
(^(•’f)/^s«i))-  If  ^(f-sp  is  small  compared  to 
one,  then  «  1,  and  the  diffusion  correction  is 

small;  as  the  power  increases  oyerP^,,  it  becomes  smaller 
yet.  That  is,  the  diffusion  length,  being  proportional  to 
the  square  root  of  the  carrier  lifetime,  is  reduced  in  the 
presence  of  stimulated  emission.  Note  that  P„,  can  be  in¬ 
terpreted  as  the  photon  density  at  which  the  stimulated 
emission  rate  equals  the  spontaneous  emission  rate,  since 
at  this  intensity  the  carrier  lifetime  is  reduced  by  a  factor 
of  two.  This  is  in  accordance  with  other  definitions  of  the 
saturation  intensity  [17],  [26]. 

Since  modulation  in  P(jc)  occurs  only  on  spatial  scales 
longer  than  Z,,p  and  the  effects  of  diffusion  become  van¬ 
ishingly  small  at  high  power,  we  neglect  them.  As  a  re¬ 
sult,  we  take  (10)  as  the  saturated  gain  profile.  It  remains 
to  incorporate  this  expression  into  the  complex  refractive 
index.  Observing  the  traveling  wave  convention  ( 1 )  leads 
to  the  relationship 


«cfr(Jc)  =  «o  -  ^  rg,h(6  +  i)  y(x)  (11) 

where  is  the  effective  index  of  refraction  corresponding 
to  the  threshold  gain  level,  and  b  is  the  antiguiding  factor 
[positive,  with  convention  (1)].  In  our  model,  b  is  iden¬ 
tical  to  the  linewidth  enhancement  factor  a  at  threshold 
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carrier  density.  Finally,  we  establish  the  dependence  of 
/j'fton  field  £(jr)  by  making  use  of  the  following  relation; 

02) 

no  Ly 

where  hu  is  the  lasing  transition  energy  and  Ly  is  the  pre¬ 
viously  mentioned  active  layer  thickness.  The  field 
strength  at  saturation  is  then  [from  (6b)  and  (12)) 

,  2fto3  n^f,  1 


£sai  —  ■> 


We  further  define 


no  c 


®sat  “ 


value  problem  to  be  solved  for  the  modes  of  the  broad 
area  laser;  ^ 

1  d^E(x)  J  ,  ,  /,  i\ 


J  ut 


£(jr)l^ 


£(,r)=0  (16) 


and  note  for  future  reference  that  is  proportional  to  the 
threshold  gain.  Equation  (II)  for  the  carrier-dependent 
dielectric  constant  becomes 


nitT(-r)  =  n5  +  6^,  (  1  +  - 


''sat 

- r - .  (15) 

1£(a:)1  +£i, 

Equation  (15)  predicts,  as  expected,  an  increase  in  both 
the  real  and  imaginary  parts  of  in  regions  where 
I  £(jr)  I"  is  large.  That  is,  the  gain  is  decreased  while  the 
refractive  index  is  increased.  Furthermore,  at  threshold, 
J  =  /,h  and  £  =  0,  which  ^ives  niff  =  nl  as  desired.  At 
low-field  intensity,  l£(jc)|‘  «  £^„  this  expression  is 
of  the  form  common  to  the  nonlinear  optics  literature  [27J; 
n^(j;)  =  nl  +  n^  •  l(x),  where  I  is  the  optical  intensity. 
However,  in  our  case,  the  nonlinearity  in  the  effective  in¬ 
dex  is  saturable.  As  seen  from  (15)  the  maximum  local 
increase  in  dielectric  constant  occurs  in  the  saturated  limit 
|£(x)|‘  »  £a„  and  is  given  by  It  can  be  appreci¬ 
ated  from  (14)  that  the  parameter  e,,,  represents  the 
depression  in  dielectric  constant  in  pumping  from  trans¬ 
parency  to  threshold  current  density.  To  minimize  self- 
focusing,  it  should  be  as  small  as  possible.  Equation  (14) 
indicates  that  to  accomplish  this,  small  values  for  the  an¬ 
tiguiding  factor,  optical  confinement  factor,  and  threshold 
gain  are  desired.  All  of  these  quantities  are  generally  re¬ 
garded  as  smaller  in  quantum  well  (QW)  lasers  than  in 
regular  double  heterostructure  (DH)  lasers,  and  thus  we 
conclude  that  the  nonlinear  action  is  weaker  in  QW  lasers. 

has  been  measured  in  both  QW  and  DH  lasers  and  is 
known  to  be  smaller  by  a  factor  of  2  in  the  case  of  the 
QW  lasers  [28].  In  very  low  threshold  QW  lasers,  this 
improvement  may  be  doubled  again. 

III.  Complex-Valued  Nonlinear  Field  Equation 

Incorporating  the  complex  effective  refractive  index 
(15)  into  the  Helmholtz  equation  (2)  gives  the  following 
second-order,  nonlinear,  nonanalytic,  complex  eigen- 


As  can  be  deduced  from  phase-plane  arguments.  (16)  sup¬ 
ports  periodic  solutions  of  the  form  E(x)  =  £o(  1  -t- 
me(x))  where  Eg  represents  the  average  field  amplitude 
and  eix)  is  a  periodic  function  that  contains  the  filamen¬ 
tary  self-modulation.  Here  m  is  a  modulation  depth  small 
compared  to  unity,  so  the  composite  solution  has  no  nulls. 
Thompson  identified  such  “multifilament”  solutions  in 
his  treatise,  and  it  is  evident  that  corresponding  solutions 
exist  in  the  complex  case  for  a  laser  of  infinite  width.  For 
our  laser  of  finite  width,  we  take  a  solution  of  the  form 

£=£oe“*'*  (17) 

so  that  amplitude  variations  appear  in  a  and  phase  varia¬ 
tions  in  <i>.  As  such,  small  modulation  solutions  are  char¬ 
acterized  by  small  a,  in  which  case  appropriate  lineari¬ 
zations  can  be  easily  made.  Let  ^  be  a  dimensionless 
position  co-ordinate;  x  =  ^d,  where  d  is  the  half-width 
of  the  laser.  Since  £(0)  ^  0,  we  consider  only  even  so¬ 
lutions  for  £(  I),  and  thus  our  task  is  to  solve  the  problem 
on  the  interval  0  <  $  <  1 .  In  the  normalized  coordinates, 
equation  (16)  becomes 

a"  -I-  id’  +  a'^  -E  ila'd  -  S'  +  L(a)  =  0  (18) 

where  0(0  =  <(>'  ( O  (note  that  the  equation  depends  only 
on  the  phase  gradient  0,  not  on  the  absolute  phase  0 ).  The 
intensity-dependent  refractive  index  term  is  included  in 
the  last  term  of  (18); 


Lia)  m  kid  {  ng  -  7} 


^ 


-  Ei 


The  term  L{a)  can  be  linearized  for  the  case  of  j  a  |  « 
1  (small  modulation  depth); 

L(a)  =  Lo  -t-  £|  •  a  +  O(a-)  (20) 

with 

Lg  a  kld^inl  -  r) 

+  2  (  *  b)  I  -  a)  (21a) 


q-g 
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and  where  the  following  definitions  have  been  made: 


Of  =  m(^)  - 


sin  I  -  Id,  cos  |  q^c 


L  tXfr 


I  q,d^  -  2  ^  sin  I  qrd^ 


where  m  and  q,  are  the  slowly- varying  modulation  depth 
and  filament  wavenumber,  given  by 

m{k)  =  "toll  +  P  sinh^  (Xo^))'^^^ 


S  "'■'S  - 


+ 


2fe'xo 


(xo?  -  tanh  (xoO) 


q-Q  s  Ikld^ane^t  (22c) 

Here  a  is  a  dimensionless  quantity  related  to  the  ratio  be¬ 
tween  pump  and  field  intensities,  and  in  our  model,  is 
constrained  by  energy  conservation  to  be  an  0(  1 )  term. 
On  the  other  hand,  n  gives  the  approximate  ratio  of  stim¬ 
ulated  to  stimulated  +  spontaneous  emission,  and  satu¬ 
rates  smoothly  towards  unity  in  the  high-power  limit.  ql 
is  proportional  to  the  ofi  product,  and  (as  we  shall  see) 
corresponds  to  the  squared  filament  wave  vector. 

We  have  solved  (18)  [subject  to  the  linearization  (20)] 
analytically.  The  bulk  of  the  derivation  appears  as  Ap¬ 
pendix  A.  At  this  point,  we  merely  summarize  the  result. 

In  addition  to  the  filamentary  self-modulation,  we  allow 
for  a  global  phase  curvature  and  a  slowly-varying  ampli¬ 
tude  variation  to  satisfy  the  loss  requirement  of  the  am¬ 
plified  mode.  We  separate  the  two  as 

a  =  Of  +  a,  {23a) 

e  =  ef  +  Q,  (23b) 

where  /denotes  "fast”  (or  "filament”)  and  s  denotes 
"slow." 

The  fast  and  slow  variables  are  decoupled  by  an  appro¬ 
priate  averaging  procedure.  The  fast,  or  self-modulation 
terms,  are 

Qf  =  m{^)  cos  \  qrd^  (24a) 


and  mo  is  the  modulation  depth  at  the  center  of  the  device. 
The  slow  amplitude  and  phase  variations  are 

b'  “ 

a,  =  — tanh-  (xo?) 

Qo 

-  ^  ("'■(S)  -  "'5)  {26a) 

=  i>Xotanh  (xo^  (26b) 

=  2)  In  cosh  (xo^).  (26c) 

These  solutions  are  parameterized  by  mg  and  xo-  Later  it 
will  be  shown  how  these  quantities  are  related  to  the  real 
and  imaginary  parts  of  the  eigenvalue,  rj. 

The  parameter  xo  appears  throughout,  and  we  pause  to 
discuss  its  significance.  Locally,  the  angle  between  the 
optical  axis  and  the  direction  of  phase  and  energy  propa¬ 
gation  is,  for  small  angles  (in  radians). 


e(S)  = 


Re(  /3)  dx 


where  n  is  the  real  refractive  index  and  $  =  0,  +  df.  as 
before.  Thus  \obxo/2mid  is  the  maximum  slowly-vary¬ 
ing  angle  of  off-axis  propagation,  while  d/xo  is  the  lateral 
position  of  the  "knee"  of  the  hyperbolic  tangent.  The 
value  of  Xo  is  set  by  matching  to  the  fields  outside  of  the 
gain  stripe.  As  a  rule,  the  larger  the  change  in  n^ff  is,  the 
larger  xo  must  be  to  accommodate  it.  Note  that  solutions 
in  media  of  infinite  extent  are  obtained  by  putting  xo  = 
0,  while  mo  is  unspecified. 

Thus,  depending  on  the  magnitude  of  xo  compared  to 
unity,  the  phase  front  can  be  approximately  parabolic  over 
the  width  of  the  device  (xo  <  1),  or  else  quickly  ap¬ 
proach  a  linear  asymptote  on  either  side  (xo  »  D-  The 
important  consequence  of  this  fact  is  that  in  the  former 
case,  the  far  field  will  be  essentially  single-lobed.  while 
in  the  latter  case  a  sharply-defined  double-lobed  far  field 
will  result.  Consequently,  it  is  desirable  to  minimize  the 
change  in  n^ff  at  the  edge  of  the  gain  stripe  to  reduce  xo 
and  get  a  narrow  far  field. 

The  primary  structure  in  the  near-field  pattern  is  the  self- 
modulation.  Its  wavenumber  in  the  center  of  the  laser  is 
qo,  defined  by  (22c)  as 


ql  =  lakldh. 


El  +  El 


This  is  an  intensity -dependent  quantity,  small  at  low  in¬ 
tensity,  but  quickly  increasing  to  a  limiting  value.  Hence 
the  filament  spacing  becomes  stable  as  saturation  intensity 
is  surpassed. 

Since  the  filament  width  saturates,  the  number  of  fila¬ 
ments  must  also  stabilize.  From  (24a)  we  see  that  the 
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number  of  lobes  in  the  near  field  is 


Using  (A7).  (;A24)-(A25)  (from  Appendix  A)  leads  to 

-  1)  -  (34a) 

A,  =  -  1 )  -  2m^<ro  -  2b\i  (34b) 


where  f  '  ‘  '  1  denotes  the  greatest  integer  less  than  or 
equal  to  the  argument.  The  variable  is  always  greater 
than  or  equal  to  (2Sb),  which  establishes  a  lower  bound 
for  N.  The  squared  wavenumber  q\  saturates  to 
2akod'isaf  Recall  that  a  is  an  <9(  1 )  quantity  and  can  be 
taken  as  unhv  for  purposes  of  discussion.  As  we  men¬ 
tioned  earuvi',  Esj,,  is  the  difference  in  real  dielectric  con¬ 
stant  between  transparency  and  threshold.  This  difference 
comes  from  unsaturable  losses  (chiefly  mirror  losses).  For 
a  laser  of  width  fV,  we  have 


Thus,  solving  for  the  physically  meaningful  quantities  of 
modulation  depth  nio  and  the  slow  phase  gradient  xo  by 
boundary  matching  is  equivalent  to  determining  the  ei¬ 
genvalues  Ar  and  A,. 

A  physically  important  parameter  is  the  modal  gain  G„, 
defined  to  be  the  rate  at  which  the  traveling  wave  solution 
grows.  For  purposes  of  discussion,  we  allow  the  modal 
gain  to  be  different  from  the  threshold  gain  and  thus 
examine  all  traveling  wave  solutions.  Since  G„  -  Fgih  = 
—2kQZm{i)  -  no)>  we  have 


S  r  1  -I-  WlWf'\  (30) 

where  is  a  saturated  filament  spacing  given  by 

fy  ^  ^ ^0^ _  (31) 

^  \Re  (/lo)  b[al  +  In  (1//?)]  ■ 

where  L  is  the  laser  length,  R  is  the  facet  reflectivity,  and 
a  is  the  distributed  loss  constant.  Thus,  unsaturable  losses 
in  addition  to  the  mirror  losses  decrease  the  saturated  fil¬ 
ament  spacing  and  increase  the  number  of  filaments. 

In  order  to  quantify  this  analysis,  we  choose  Esat  to  char¬ 
acterize  the  wafers  grown  in  our  laboratory  by  molecular 
beam  epitaxy.  For  a  single  quantum  well  device  with 
threshold  current  density  250  A/cm^,  the  relevant  values 
are  rg,h  =  30  cm”'  and  b  =  2  [29].  The  value  of  b  has 
been  estimated  for  AIGaAs  lasers  to  lie  in  the  range  2-6 
[30]  with  the  lower  values  more  appropriate  for  quantum 
well  lasers.  At  X  =  0,845  ^im,  this  gives  e,,,  =  2.7  x 
l0■^  and  a  saturated  filament  spacing  of  -  12  /xm.  This 
value  justifies  our  decision  to  neglect  diffusion  effects  in 
formulating  (15).  For  a  device  100  /xm  wide,  the  esti¬ 
mated  lower  bound  on  filament  number  is  A  =  9. 

At  this  point,  the  solutions  are  parameterized  by  the 
modulation  depth  mg,  phase  gradient  xo*  the  field  am¬ 
plitude  £o-  R  remains  to  relate  wto  and  xo  to  the  eigen¬ 
value,  17.  We  make  implicit  definitions  of  A,.,  in  terms  of 
17  as  follows: 

kld^r^  -  rf^)  2nokld^(n^  -  n) 

Thus,  A, ,  gives  the  deviation  of  the  eigenvalue  from  the 
effective  index  at  threshold.  From  (21a)  we  have 

Lq  *  Lq  -t-  iL'q  (33a) 


+  kid^e^,(I  -  a))  (33b) 

£0  =  ^(A,  +  *^d^«,(l  -  a)).  (33c) 


Gm  =  Fg*  -I- 


2b  Re  (rto)  ki)d^  ' 


Ultimately,  energy  conservation  requires  A,  =  0  fora  las¬ 
ing  mode,  and  this  determines  the  unknown  field  ampli¬ 
tude  Eo  in  terms  of  OTq  and  xo  via  (34b).  The  three  terms 
in  A,  correspond  to  three  physical  mechanisms  that  affect 
the  gain.  The  first  is  proportional  to  o  -  1.  Recall  that  a 
is  related  to  the  ratio  of  pump  intensity  to  field  intensity. 
An  increase  in  a  indicates  an  increase  in  the  pump  level 
(or  decrease  in  the  optical  power)  which  reduces  the 
amount  of  gain  saturation.  The  second  term,  proportional 
to  JWo*  reflects  the  inefficiency  introduced  by  modulation 
in  the  near-field  pattern.  In  comparison  of  a  field  with  a 
modulated  near  field  to  one  without,  where  both  experi¬ 
ence  the  same  modal  gain,  the  average  gain  level  con¬ 
sistent  with  the  modulated  field  is  increased  by  an  amount 
proportional  to  the  square  of  the  modulation  depth;  that 
amount  appears  here.  The  third  term,  proportional  to  xo- 
reflects  the  losses  due  to  phase  curvature,  or  off-axis  prop¬ 
agation.  Energy  propagating  at  an  angle  to  the  optical  axis 
is  absorbed  by  the  lossy  boundaries;  this  effect  also  re¬ 
duces  the  gain. 


IV.  The  Outer  Solution  and  Boundary  Matching 

Beyond  the  gain  stripe  ($  >  1 ),  the  pump  current  is 
zero.  However,  several  processes  conspire  to  prevent  the 
gain  from  immediately  taking  on  its  unpumped  value. 
Current  spreading  will  cause  the  current  injected  into  the 
active  region  to  taper  off  at  the  edge  of  the  gain  stripe. 
Optical  pumping  also  occurs,  which  partially  bleaches  the 
unpumped  material.  Our  model  of  n^ff  is  based  on  a 
linearization  of  the  gain  about  the  threshold  gain,  and  ex¬ 
tension  of  this  model  into  the  unpumpied  region  would  be 
clearly  inaccurate.  In  addition,  the  roll-off  rate  of  rieff 
would  be  of  the  same  order  of  magnitude  as  <70-  Conse¬ 
quently,  the  separation  of  scales  we  used  in  the  previous 
portion  of  this  paper  would  be  inappropriate. 

However,  the  exact  shape  of  the  gain  distribution  out¬ 
side  the  gain  stripe  affects  only  slightly  the  rate  at  which 
the  field  grows  or  decays  at  the  edge  of  the  gain  stripe, 
which  determines  the  values  that  the  inner  solution  must 
take  on  there.  For  our  model,  we  will  assume  that  the 
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effective  index  of  refraction  outside  the  stripe  has  a  func¬ 
tional  form  that  satisfies  the  following  criteria: 

1)  «efT  =  '‘o  at  the  edge  of  the  gain  stripe. 

2)  rteff  rolls  off  smoothly  to  its  full  absorption 

value,  defined  to  be  /j|. 

In  addition,  we  would  like  the  specific  functional  form 
to  allow  for  a  closed-form  analytic  solution.  These  crite¬ 
ria  are  satisfied  if  we  take 

'*efT  =  uq  +  tanh  k(S  —  1 ) 

+  Ctanh^  k($  -  1)  (36) 

where 

B  +  C  =  n]  -  (37) 

and  K  characterizes  the  roll-off  rate. 

Our  approximate  solution  outside  the  gain  stripe  is  the 
solution  of  the  Helmholtz  equation  (2)  with  this  effective 
index;  that  is, 

£  =  sech^Z* /c(^  -  1)  (38) 

where  the  complex  constants  D  and  F  satisfy 

+  kF  +  IDF  =  -(«]  -  r^)  (39a) 

+  i|).  (39b) 


Fig.  2.  Our  analytical  solution  for  the  lowest-a  10-filament  mode  of  a  de¬ 
vice  with  half-width  d  =  50  /im,  =  2.7  x  10“^  and  Tg,,,  =  30  cm" ' . 
The  spreading  parameter  at  the  edges  is  x"'  =  20  ^m.  fa)  Near-held 
intensity,  (b)  Lwal  phase  front  angle.  The  slow  component  of  the  phase 
front  angle  reaches  0.32“  at  the  lossy  boundary,  corresponding  to  emis¬ 
sion  off-axis  of  about  1.1°  outside  the  facet,  (c)  Experimental  trace  of 
near-held  intensity  of  100  j»m  wide  device  at  several  points  above  thresh¬ 
old  {I5J. 


The  appropriate  branches  to  select  are  Re  (Z))  at  0  and 
Re  ( f )  s  0.  The  eigenvalues  are  determined  by  the  re¬ 
quirement  that  the  field  E  and  its  first  derivative  £'  be 
continuous  at  the  edge  of  the  gain  stripe  ($  =  1 ).  Both 
conditions  can  be  met  by  the  requirement 


Consequently,  the  transcendental  equation  which  deter¬ 
mines  the  eigenvalues  and  modal  gain  is: 

a'(l)  -I- ifl(l)  =  -D.  (41) 

V.  Discussion 

We  can  now  solve  the  eigenvalue  equation  for  and 
Xo  and  substitute  the  results  into  our  expressions  for  the 
lateral  mode.  In  Fig.  2(a)  and  (b)  we  have  plotted  the 
lateral  power  distribution  and  local  phase  angle,  respec¬ 
tively,  for  a  10-filament  mode  of  a  1(X)  /xm  wide  device, 
for  current  pumping  J  ~  67, h,  7th /7j«  =  3,6  =  2,  and 
e„,  =  2.7  X  10  The  unsaturated  (amplitude)  loss  out¬ 
side  the  gain  stripe  is  taken  to  be  90  cm” ',  and  «  corre¬ 
sponds  to  a  10-%  percent  roll-off  distance  of  20  /xm  in 
rteff.  The  number  of  lobes  in  the  near-field  pattern,  10,  is 
higher  than  our  estimate,  reflecting  the  additional  contri¬ 
butions  to  q,  that  come  from  xo-  As  we  said,  xo  is  set  by 
boundary  effects;  consequently,  lossier  boundaries  on  the 
gain  stripe  will  increase  the  number  of  lobes  in  the  near 
field.  This  pattern  is  very  similar  to  the  experimental  trace 
reported  in  [IS]  (reproduced  in  Figure  2(c)]  in  the  size 


and  spacing  of  the  lobes  and  the  increase  in  modulation 
depth  towards  the  edge  of  the  stripe.  In  addition,  we  can 
estimate  the  width  of  the  far  field  from  the  largest  local 
average  phase  angle  under  the  gain  stripe.  In  Fig.  2(a), 
the  average  phase  angle  (inside  the  facet)  is  approxi¬ 
mately,  from  (38),  0.32°,  which  yields  a  far-field  width 
of  2.1°  outside  the  laser;  that,  too,  is  in  agreement  with 
[15]. 

Next,  let  us  consider  the  lateral  mode  spectrum.  In  the 
linear  case,  this  spectrum  is  characterized  by  a  finite  set 
of  modes,  each  with  a  distinct  modal  gain.  The  mode  with 
the  highest  modal  gain  is  deemed  to  be  the  lasing  mode 
at  threshold.  However,  the  situation  is  more  complex  in 
the  associated  nonlinear  problem.  In  addition  to  modal 
gain  G„,  each  mode  must  also  be  characterized  by  a  field 
amplitude  Eq,  at  a  given  injected  current  density.  This 
added  degree  of  freedom  allows  a  finite  set  of  lateral 
modes  to  have  the  same  modal  gain  by  allowing  the  in¬ 
dividual  amplitudes  to  vary. 

This  multiplicity  is  illustrated  in  Fig.  3.  Here  we  plot 
the  modal  gain  as  a  function  of  a  for  modes  containing  8- 
13  filaments.  If  the  resonator  losses  are  30  cm  then  all 
solutions  with  matching  modal  gain  are  candidates  for  las¬ 
ing  modes.  For  comparison,  the  gain  of  a  uniform  plane 
wave  of  the  same  Eq  is  also  plotted.  None  of  the  lateral 
modes  is  as  efficient  as  a  plane  wave  in  extracting  gain. 
That  is  to  be  expected  because  the  lateral  modes  have  the 
absorbing  boundaries  to  contend  with.  The  boundaries  in¬ 
troduce  losses  in  two  ways.  First,  they  induce  a  spatial 
modulation,  which  lowers  the  extraction  efficiency  by  an 
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Fig  3  Traces  of  the  /V  =  8  through  13  Hlainent  solutions  in  the  modal 
gain  versus  o  plane,  with  conditions  as  in  Fig.  2  All  modes  have  lower 
modal  gain  than  the  plane  wave,  as  a  result  of  the  modulation  depth  and 
phase  curvature  induced  by  the  boundaries.  For  a  resonator  with  thresh¬ 
old  gain  of  30  cm' '.  allowable  modes  must  satisfy  the  steady-state  con¬ 
dition  C,  =  (A,  =0), 


Fig.  4.  Relative  contribution  to  modal  gain  from  (a)  pumping  (a  -  I). 
(b)  modulation  depth  (m).  and  (c)  phase  curvature  (x)  for  the  IV  =  10 
filament  solution  in  Fig.  3.  Huge  losses  incurred  by  increasing  modula¬ 
tion  lead  to  an  upper  “cutoff"  id  a.  The  Af  =  10  solution  does  not  exist 
beyond  cutoff. 

amount  proponional  to  Secondly,  as  we  have  said, 
they  impan  an  overall  phase  curvature  to  the  field,  which 
directs  energy  off  of  the  axis  of  propagation  and  into  the 
absorbing  walls.  The  relative  contributions  of  these  two 
mechanisms  are  plotted  in  Fig.  4  for  the  lowest-a  mode 
(i.e.,  the  10-filament  mode).  Their  explicit  contribution 
to  the  modal  gain  can  be  seen  in  (34)-(35).  The  two  con¬ 
tributions  combine  to  give  each  mode  an  upper  cutoff  in 
a.  As  a  increases  (and  thus  power  decreases),  the  modal 
gain  for  any  given  lateral  mode  will  tend  to  increase  as 
well,  because  the  gain  is  becoming  less  and  less  saturated. 
However,  the  saturated  filament  spacing  is  becoming  ever 


smaller,  and  the  penalty  that  the  mode  pays  is  an  in¬ 
creased  modulation  depth.  Eventually,  the  modulation 
penalty  overwhelms  the  benefits  of  gain  saturation;  the 
modal  gain  falls  off  again,  and  the  cutoff  appears.  Fortu¬ 
nately.  higher  order  modes  (meaning  more  filaments)  have 
successively  higher  cutoff-u’s,  so  higher  modal  gains  are 
always  possible  with  higher  order  modes. 

We  have  made  the  assumption  that,  for  a  given  rg,h.  the 
field  pattern  with  the  greatest  power  (lowest  a)  is  the  ac¬ 
tual  lasing  mode.  However,  at  a  given  threshold  gain,  so¬ 
lutions  exist  for  all  the  lateral  modes  that  are  above  cutoff. 
In  Fig.  5  we  plot  the  lateral  power  distribution  for  the  4 
lowest  order  modes  with  modal  gains  of  30  cm  " ' .  Suc¬ 
cessively  higher  order  modes  have  more  lobes,  smaller 
modulation  depth,  and  more  phase  curvature  [as  can  be 
inferred  from  the  correction  to  the  filament  wavenumber 
given  in  equation  (25b)  ]. 

Finally,  we  comment  briefly  on  the  issue  of  modal  se¬ 
lection.  In  linear  theory,  the  rule  is;  the  mode  with  the 
most  gain  wins.  In  a  nonlinear  system,  the  lasing  mode  is 
determined  not  by  modal  gain,  but  by  a  stability  analysis. 
It  is  possible  (but  not  likely)  that  the  mode  with  the  small¬ 
est  a  is  unstable,  while  a  mode  with  a  higher  a  is  stable. 
Alternatively,  for  certain  operating  points  there  may  be 
multiple  stable  points  (as  is  the  case  in  coupled-cavity  la¬ 
sers,  for  example  [31]). 

The  plausibility  of  the  latter  scenario  may  become  more 
apparent  by  considering  longitudinal  variations  within  the 
laser.  In  a  Fabry-Perot  laser,  the  average  optical  intensity 
is  not  a  constant,  but  is  minimized  somewhere  between 
the  two  facets.  Likewise,  the  material  gain  is  maximized 
in  the  central  region.  According  to  our  analysis,  different 
modes  may  be  favored  in  different  regions  of  the  resona¬ 
tor.  The  round-trip  a  of  a  lateral/longitudinal  mode  com¬ 
bination  would  thus  be  a  weighted  average  of  local  a.  and 
this  average  would  be  the  arbiter  of  which  mode  lases. 

Concerning  stability,  we  remark  that  in  the  unsaturated 
case  where  |  £(x)  p  «  E^t,  the  Helmholtz  equation  can 
be  expressed  in  the  form  of  the  nonlinear  Schrodinger 
equation.  This  equation  is  one  of  a  class  which  admits 
soliton-like  solutions,  which  are  known  to  be  unstable 
against  many  types  of  perturbation  (32).  Thus,  in  the  low- 
power  regime,  the  laser  may  exhibit  instability.  Above 
saturation  intensity,  however,  the  nonlinearity  is  much 
weaker  and  the  self-guiding  mechanism  is  stabilized. 

Until  recently,  stable,  uniform  near-field  patterns  have 
not  been  commonly  observed,  as  an  excellent  crystal 
growth  over  the  entire  laser  is  required  to  realize  spatially 
uniform  gain  and  index  profiles.  We  can  see  from  Fig.  3 
that  the  different  longitudinal  modes  differ  in  modal  gain 
by  only  a  few  cm"'.  Furthermore,  in  numerical  calcula¬ 
tions  we  have  found  that  variations  in  local  gain  of  a  frac¬ 
tion  of  a  cm”'  will  disrupt  the  smooth  lateral  structure. 
To  some  degree,  the  effects  of  longitudinal  propagation 
can  smooth  out  the  effects  of  inhomogeneities.  Neverthe¬ 
less,  the  broad  area  laser  will  remain  extremely  sensitive 
to  such  effects.  Possibly,  the  destabilizing  effect  of  ma¬ 
terial  defects  can  be  overcome  by  structures  such  as  the 
recently  demonstrated  “controlled  filament"  laser  (33). 
In  this  structure,  the  effective  mirror  reflectivity  is  mod- 
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Fig  5  Near-field  intensities  for  the  N  =  10.  11,  12.  and  13  filament  so¬ 
lutions  for  the  30  cm' '  loss  resonator.  Parts  (a)-(d)  correspond  to  modes 
A-D  in  Fig  3. 

ulated  in  the  lateral  dimension  in  order  to  induce  filaments 
at  prescribed  positions.  The  present  analysis  indicates  that 
this  structure  can  be  optimized  if  the  reflectivity  modu¬ 
lation  is  chosen  with  the  same  periodicity  as  the  saturated 
filament  spacing  of  the  parent  broad  area  laser. 

VII.  Appendix  A 

This  appendix  details  the  solution  of  (18),  (20),  and 
(23).  After  dividing  into  real  and  imaginary  parts,  (18) 
becomes 


-F  a"  +  (a}  +  a',)  -  (0/  +  05) 

+  Lq  +  L\{af  +  a,)  =  0 

(Ala) 

-F  0;  -F  2(a}  +  a', )  (0/  -F  9,) 

-F  Z.0  -F  L\ (of  +  a,)  =  0 

(Alb) 

where,  for  example,  Lq  denotes  the  real  part  of  Lq.  The 
fast  variables  a/,  6/,  are  those  which  vary  on  a  spatial  scale 
of  O(ir/<7o );  the  slow  variables  a„  9,  vary  on  a  spatial 
scale  of  0(1).  To  exploit  the  existence  of  two  distinct 
length  scales,  we  spatially  average  equations  (Al)  over  a 
distance  long  compared  to  Ir  j q^,  but  short  compared  to 
1.  leaving 

a';  +  a'/  -  9]  +  Lo  +  L\a,  +  -  9j  )=  Q 

(A2a) 

9[  +  2a',  9  j  +  Lq  +  L\a,  +  2{ajr9f')  =  0. 

(A2b) 

<  -  -  '  >  denotes  spatial  averaging  over  the  fast  scale; 
(A2a)-(A2b)  vary  on  the  slow  scale.  They  determine  the 
slowly- varying  quantities  a,  and  9,. 

Keeping  highest  order  terms  (dropping  a'^  a"  )  leads 
to  the  following  two  coupled  equations  for  the  slowly- 
varying  amplitude  and  phase  gradient; 


— +  Lq  +  L\a,  +  {af~  ~  9j}  —  0  (A3a) 

9',  +  2a', 9,  +  L‘q  +  L\a,  +  2(a'f9f)  =  0.  (A3b) 

Noting  from  (21b)  that  L\  =  bL\,  we  can  eliminate  a, 
easily  from  these  equations,  leaving  the  following  equa¬ 
tion  in  9,: 

b9;  +  9,(9,  +  2ba;)  =  b-X-(^)  (A4a) 

where 

^  -  bL'Q  +  (af~  -  9}) 

-2b(a'f9f).  (A4b) 

Neglecting  2ba',  with  respect  to  9„  (A4)  becomes 

b9',=bWi)-9].  (A5) 

We  choose  initial  conditions  a,(0)  =  0,  a'  ( 0 )  =  0.  9,(0) 
=  0,  which  together  with  (A3a)  implies 

L^  +  (af  -  9j}jo  =  0.  (A6) 

Then 

bxHO)  =  -L‘o  -  2(a;9^}lQ.  (A7) 

By  approximating  x  —  x(0)  -  Xo  (to  be  checked  in  Ap¬ 
pendix  B),  we  can  integrate  (A5)  for  the  slowly-varying 
phase  gradient,  and  then  determine  the  slowly-varying 
amplitude  from  (A3a): 

05  *  fcXo  tanh  (xo?)  (A8a) 

a,  ®  (tanh*’  (xoO  ' 

Li 

-(a;^-9}}).  (A8b) 

We  spatially-averaged  (Al)  to  obtain  the  slow  equa¬ 
tions,  (A2).  Upon  subtracting  (A2)  from  (Al).  we  are  left 
with  the  fast  equations: 

af  +  (a/  ~  <a;^  ))  -F  2a/a; 

-  (9^  ~  (9}  >)  -  20/05  -t-  =  0  (A9a) 

0;  -F  2(a;0/-  <a;0/>)  +  2u;05 

-F  2^5  0/  -F  L'lO/  =  0.  (A9b) 

Equations  (A9a)-(A9b)  describe  a  harmonic  oscillator 

system  with  a  slowly-varying  resonance  frequency.  The 
terms  in  parentheses  act  as  driving  terms  at  double  the 
resonant  frequency;  their  corresponding  response  will  be 
smaller  than  the  fundamental,  and  we  neglect  them  in  fa¬ 
vor  of  the  fundamental  response.  Of  the  remaining  terms, 
we  keep  only  those  of  O(qo)  and  neglect  the  0(qQ  )  and 
0(  1 )  terms.  Equation  (A9)  then  simplifies  to 

fl/  —  29, 9f  +  LI af  ~  0  (A  10a) 

9}  +  29,0}  +  L\af  =0.  (A  10b) 

In  view  of  the  slowly-varying  coefficients,  we  form  a 
WKB-type  solution 

Of  ~  (Alla) 

0/ -  (Allb) 
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with  slowly-varying  q(^).  Together.  (AlO)  becomes  the 
following  eigenvalue  system  - 


where 


-(T  +  96  “26 

^  +  iqld,  iq 


The  characteristic  equation  is 

9^  =  9o  +  46,^  -  i 


(A12) 


9o 


Hence  the  modulation  depth  is 

m(f)  =  =  mo(l  +  P  sinh^  (Xo^))' 


(A20b) 


(A21) 


Taking  q  to  be  of  the  form  q^  -  iqt,  then  q^  =  qi  -  - 

ilqrqi-  Assuming  »  qf,  we  take 

9^  =  9^  -  ilqrqi-  (A14) 

Comparing  (A  13)  and  (A  14)  gives 

qi  =  qo  +  (A15a) 

There  are  two  solutions  for  q^  (equal  magnitude,  opposite 
sign),  and  one  for  Thus  the  two  solutions  of  (A13)  for 
the  propagation  constant  are 

qt  =  ±qr  -  iqi  (A16) 

where  henceforth  qr  is  understood  to  be  the  positive  root 
of  (A15a).  Note  that  «  qr,  as  assumed.  Now,  a^^and 
6/ are  real  quantities.  Symmetry  dictates  the  choice  of  Of 
as 


(A  13)  Thus,  the  modulation  depth  is  at  a  minimum,  m^,  at  the 
center  of  the  device,  and  increases  monotonically  towards 
-  (ir  -  1**®  boundary.  For  the  filament  wave  vector,  we  will  find 

that  26,  <  9o.  so  qr  =  Vqo  +  46^  *  9o  +  '2'^]fqo-  Then 

f  9,d?  =  ^0^  +  (Xo^  -  lanh  (xol))- 
J  9n 


(A22) 

At  the  middle  of  the  device,  the  wave  vector  is  simply 
and  it,  too,  increases  monotonically  towards  the  bound¬ 
ary. 

Finally,  recalling  the  slow  equations  (A3),  we  can  now 
evaluate  the  averaged  quantities  that  depend  on  the  fast 
solutions  Of  and  Of. 


=  cos 


... .  "•’/■jS  2e;  4  \ 

<«/»/> -  —■$TWJ- 


(A23c) 


(A17) 


The  quantity  m(()  =  Wq  exp  J  is  the  slowly-varying 
modulation  depth.  The  phase  6y  is  then  determined  by  the 
eigenvector  of  (A  12).  We  have 

-I  =  r  -  26,  =  ±r  ^  -  26,.  (A18) 


0  =  ^  Si  +  £2 

2  [c|  C|  L 

=  ^  sin  j  -  26,  cos  j  qrd^^  ■ 

(A19) 

Finally,  let  us  estimate  how  the  modulation  depth  and  fil¬ 
ament  wavenumber  vary  across  the  half-width  of  the  de¬ 
vice.  From  (Al5b)  and  (A8a)  we  have 

=  In  (1  +  p  sinh^  (XoO)  (A20a) 


This  enables  explicit  evaluation  of  the  slowly-varying  am¬ 
plitude;  together  (A23)  and  (A8b)  give 

if 

a,  = -2  fr^Xo  tanh^  Xo5  -  U  -  ^  9o  (A24) 
9o  L  2  J 

where  terms  of  relative  order  \/b^  have  been  neglected. 
This  equation  can  be  simplified  further.  By  imposing  the 
condition  fl,(0)  =  0,  we  infer  from  (A24)  that  li 
=  -imoqo-  Equation  (A24)  becomes 

a,  =  ^  tanh^  Xol  “  \  (A25) 

95  ^ 

The  last  calculation  we  need  is  the  quantity  x-  Erom  (A4b) 
we  have 


=  L'o-  bL'o  + 


2  ql  +  40j 


(A26, 


To  a  good  approximation  (lowest  order  in  l/b^ ), 

l2^2  _  I'  ht  ‘  —  — 

bx  -  L,-bU  2  «  +  4«: 


(A27) 
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Appendix  B 

(51 

In  the  solution  of  (A5) 

(61 

w;  =  b\-(^)  -  d- 

(Bl) 

(71 

we  made  the  approximation  that  x  ( O  was  a  constant,  xo- 

The  actual  expression  for  x  ( 1 )  is 

(81 

X‘(0  "  ^0  ^  ^  ”  '”’(^))  <7o 

(91 

(B2) 

(101 

While  x(l)  =  Xo  at  $  =  0.  the  difference  could  conceiv-  |,,j 
ably  become  significant  when  »  mo-  We  can  make 
an  estimate  of  the  error  by  taking 

=  +  0,1,  0,1  «  0^.  (B3)  1'21 


where  d^o  satisfies  (A8).  Substituting  (B3)  into  (B2)  gives 

w;,  +  20^fl„  +  d;,  =  b-(x'(?)  -  Xo).  (B4) 

We  neglect  0]|  (we  are  assuming  the  error  is  small)  and 
substitute  (Bl)  forx‘($)  -  Xo,  ‘o  get 

Oil  -'”•(«)  f)-  (B5) 

(B5)  has  the  solution 

0,1  =  sech-  xo^  cosh-  xof 

1  <?5(1  ^  P  sinh^ 

*  •»'  ^  f  2  ^  ,7  .  ( OO } 

L  <?6  +  X6  tanh- xoT  J 


113) 

1141 

(HI 


(161 

(171 

1181 

119! 


The  integral  in  (B6)  does  not  have  a  simple  closed-form 
expression,  but  we  are  only  interested  in  determining  the 
approximate  size  of  relative  to  Ojo-  We  asymptotically 
expand  (B6)  for  large  and  small  xo,  yielding  1211 


0„ 


2  2 


max(e^)  bxo  4b‘=xo 

0,1  ni^qo 


bxo 


6b 


as  Xo 

(B7a) 

(221 

Xol^  as  Xo -*  0 

(B7b) 

(231 

While  dj,  undergoes  a  sign  change  at  some  intermediate  [241 
value  of  Xo,  neither  expression  becomes  0(  I )  for  reason¬ 
able  values  of  mo,  qo,  and  Xo-  Therefore,  the  original  ap-  j25i 
proximation  is  valid. 
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Second  quantized  state  lasing  of  a  current  pumped  single  quantum  well  laser 

Michael  Mittelstein,  Yasuhiko  Arakawa,®’  Anders  Larsson,'”  and  Amnon  Yariv 

California  Institute  of  Technology,  Pasadena.  California  91125 

(Received  7  July  1986;  accepted  for  publication  27  October  1986) 

Newly  observed  features  of  quantum  well  lasers  are  presented  and  explained  with  the  aid  of  a 
simple  model.  These  involve  lasing  with  gain  contributions  not  only  from  the  fundamental 
(n  =  1)  state,  but  simultaneously  from  the  second  quantized  (n  =  2)  state  as  well. 

Experimental  data  for  current  pumped  GaAlAs/GaAs  single  quantum  well  lasers  are 
presented.  Very  high  resonator  losses  (  S  100  cm  ~ ' )  force  the  lasers  to  augment  their  gain 
with  major  contributions  from  the  second  quantized  state.  The  main  signature  of  /i  =  2  lasing, 
a  sudden  and  large  increase  in  the  lasing  photon  energy,  is  observed  and  explained  by  the 
theory. 


In  this  letter  we  report  on  an  experimental  and  theoreti¬ 
cal  investigation  of  the  gain  of  quantum  well  lasers  and  pres¬ 
ent  experimental  evidence  of  lasing  involving  the  second 
quantized  (n  =  2)  level.'  Lasing  at  a  higher  energy  is  in¬ 
duced  by  increasing  the  losses  in  a  single  quantum  well  laser, 
which  is  attained  by  decreasing  the  cavity  length  of  Fabry- 
Perot  lasers.  In  addition,  however,  a  substantial  increase  in 
threshold  current  was  observed.  This  feature  was  predicted 
by  Arakawa  and  Yariv’  and  by  Mcllroy  et  al.^  and  also  ob¬ 
served  by  Zory  et  al.*  but  was  not  specifically  related  to  the 
second  quantized  state  lasing. 

The  experimental  approach  utilizes  the  fact  that  at  las¬ 
ing  the  modal  gain  constant  g  is  equal  to  the  modal  losses; 
that  is,  in  Fabry-Perot  resonators 

g  =  a,  +  (1/L)ln(l/R).  (1) 

Cleaved,  uncoated,  broad-area,  gain-guided  lasers  are  used 
and  a  reflectivity  of  /?  =  0.3  is  assumed.  Our  single  quantum 
well  (SQW)  devices  grown  by  molecular  beam  epitaxy^ 
show  very  low  internal  losses  measured  to  be  a,  <2  cm”'. 
Therefore,  the  modal  gain  at  lasing  can  be  selected  by  simply 
cleaving  devices  to  the  appropriate  length 

A  set  of  lasers  was  characterized  and  then  cleaved  to 
progressively  shorter  lengths,  resulting  in  lasers  with  lengths 
spanning  70  to  470^m.  In  Fig.  I  the  measured  wavelength  at 
threshold  is  shown  as  a  function  of  the  modal  gain  (loss) 
constant.  The  vertical  bar  indicates  the  spread  of  the  data 
while  the  horizontal  bar  gives  the  average  value.  The  curve 
shows  results  from  a  theoretical  model  which  is  discussed  in 
the  following  part  of  this  letter.  The  most  striking  feature  of 
the  data  is  the  very  abrupt  change  of  lasing  wavelength  in  the 
vicinity  of  100  cm”',  which  we  identify  with  the  onset  of 
second  quantized  state  {n  =  2)  lasing. 

We  employ  a  simple  model  to  describe  the  essential 
characteristics  of  a  quantum  well  laser  and  their  implica¬ 
tions  with  respect  to  our  measurements.  The  one-dimension¬ 
al  carrier  confinement  in  a  quantum  well  leads  to  a  staircase 
density  of  states  function.  Considering  the  n  =  1  and  n  =  2 
states  only,  the  modal  gain  at  phoion  energy  E  is  calculated 
from 
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g(E)=C  £  H[(E-E^)S-E„]  [2f,{E)  -  1]  . 

n  =  1 

(2) 


The  constant  C,  the  maximum  available  modal  gain  per 
quantized  state,  is  estimated  from  our  data  to  be  100  cm” '. 
The  conduction-band  offset  as  a  fraction  of  the  total  band- 
gap  offset  5,  is  taken  to  be  0.85.*  The  staircase  nature  of  the 
density  of  states  function  is  represented  by  the  Heaviside 
function  H.  For  E^  we  use  the  band-gap  energy  of  bulk 
GaAs  1 .42  eV.  The  Fermi  function  for  the  electrons  with  the 
quasi-Fermi  energy  Ej^  is 


exp([(£-£,)5-£>J/kr)  +  r 

With  m?  =  0.067  m, ,  where  m,  is  the  electron  mass,  a 
100-A  infinite  wall  well  implies  that  the  first  quantized  ener¬ 
gy  is  £■,  =  0.056  eV  and  that  E^,  is  four  times  as  large.  In  the 
particular  structure  used  in  our  experiments  (as  described  in 
Ref.  5)  the  actual  values  are  computed  by  numerical  solu¬ 
tion  of  the  Schrodinger  equation  to  be  £,  =  0.0314  eV  and 
£’2  =  0.1196  eV.  In  this  solution  we  use  Eg{.X) 
=  ( 1 .42  -I-  1 .247,T)  eV  where  X  is  the  Al  mole  fraction.  The 
expression  (2)  is  a  slight  simplification  that  ignores  some  of 
the  specific  hole  features  and  does  not  include  collision 
broadening. 

Figure  2  shows  the  electron  density  distribution  and 
gain  spectrum  of  our  model  for  two  conditions;  Fig.  2(a)  is 


FIG.  1 .  Lasing  wavelength  vs  modal  gain  measurements  are  shown  In  com¬ 
parison  to  predictions  of  our  simple  model. 
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FIG  2.  Gain  spectra  as  computed  using  ( 2 )  from  the  shown  electron  den¬ 
sity,  The  occupation  of  the  staircase  density  of  states  function  is  indicated  by 
shading.  The  vertical  bar  indicates  the  quasi-Fermi  energy,  and  the  energy  is 
drawn  to  scale  for  room  temperature.  Part  (a)  shows  conditions  of  high 
pumpdensity.  part  (b)  of  very  high  pumpdensity  resulting  in  the  gain  max¬ 
imum  at  the  onset  energy  of  the  second  quantized  slate. 


for  the  case  of  a  high  pump  current  density,  several  times  the 
threshold  current  density  of  a  normal  SQW  laser;  Fig.  2(b) 
is  at  an  even  higher  current  density.  The  gain  spectrum  at  the 
higher  pumping  level  is  very  wide  and  shows  a  new  peak  at 
the  onset  energy  of  the  second  quantized  state.  Especially 
notable  is  the  doubling  of  the  gain  at  the  onset  energy  of  the 
second  quantized  state  where  its  gain  adds  to  that  of  the  first 
one.  Furthermore,  in  this  model  considerably  higher  quasi- 
Fermi  energies  (as  obtained  in  very  short  lasers)  lead  to 
nearly  double  the  gain  in  the  high-energy  region  with  respect 
to  the  maximum  value  obtainable  from  the  n  =  1  state  alone. 

For  more  realistic  quantitative  results,  broadening  is  in¬ 
corporated  via  an  effective  smearing  of  the  steps  in  the  den¬ 
sity  of  states  function  in  the  basic  model  by  an  amount 
A£=^/r,  where  r  is  the  intraband  scattering  time  of  the 
electrons.  A  value  of  =  6.6  meV  corresponding  to 
r  =  0. 1  ps  is  used.  The  broadening  is  altered  to  have  expo¬ 
nential  tails  rather  than  a  Lorentzian  shape.  Including 
broadening,  the  modal  gain  expression  becomes 
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FIG  3  Gain  spectra  as  computed  using  (4)  for  various  quasi-Fermi  ener¬ 
gies  are  shown  as  solid  lines  The  top  solid  curve  gives  the  maximum  avail¬ 
able  gain,  which  is  limited  by  the  density  of  stales  function  The  broken 
curve  traces  the  maximum  gain  of  the  spectra  with  varying  quasi-Fermi 
energy 
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FIG.  4  Threshold  current  density  vs  lasing  gain  measurements  For  expla¬ 
nation  see  text. 


g(E)  =  C  2 

n  I 


_ 1 _ 

exp(  [E„  —  £■  ]  5 /A^ )  -I-  1 


[2/(£)-l]. 

(4) 


This  equation  gives  gain  spectra  as  shown  in  Fig.  3  for  differ¬ 
ent  quasi-Fermi  energies.  In  this  model  the  gain  curve 
crosses  zero  at  the  quasi-Fermi  energy  of  the  conduction 
electrons.  The  higher  quasi-Fermi  energies  (corresponding 
to  higher  pump  densities)  are  associated  with  the  short  cav¬ 
ity  lasers.  The  calculations  show  a  wide  gain  spectrum  which 
leads  to  a  high  level  of  recombination  radiation  even  as 
threshold  is  approached.  We  verified  this  by  measuring  gain 
spectra  of  short  lasers  below  threshold  which  indicated  fairly 
flat  gain  over  a  region  extending  over  more  than  50  nm. 

The  uppermost  curve  in  Fig.  3  shows  the  maximum 
available  gain  as  a  function  of  photon  energy,  that  is,  the 
value  which  would  result  from  an  infinite  pumping  current 
in  this  model.  Therefore,  the  gain  needed  to  overcome  very 
high  losses  (  S  100  cm" '  in  our  case)  can  only  be  obtained 
from  a  SQW  laser  by  enlisting  the  added  contribution  of  a 
second  (n  =  2)  quantized  state.  Consequently,  the  lasing 
wavelength  must  shift  to  shorter  wavelengths  as  the  required 
gain  (i.e.,  the  loss  of  the  cavity)  is  increased.  By  tracing  the 
peak  of  the  gain  spectrum  (4)  for  varying  quasi-Fermi  ener¬ 
gies  as  indicated  in  Fig.  3  the  lasing  wavelength  as  a  function 
of  modal  gain  is  obtained  in  this  model.  This  result  is  the 
curve  shown  together  with  the  experimental  data  in  Fig.  1 . 

The  qualitative  agreement  of  our  results  with  this  model 
is  good,  and  leaves  little  doubt  concerning  the  participation 
of  the  second  quantized  state  in  the  lasing. 

The  lasing  wavelength  characteristics  explained  above 
are  accompanied  by  an  extraordinary  increase  in  threshold 
current  with  increasing  gain  (that  is,  decreasing  length). 
The  observed  dependence  of  threshold  current  density  on 
the  laser  gain  is  shown  in  Fig.  4.  Again,  the  vertical  bar 
indicates  the  spread  of  the  data  while  the  horizontal  bar  gives 
the  average  value.  The  threshold  current  was  determined 

from  the  first  rapid  change  in  intensity  of  any  longitudinal 
mode  with  small  increases  in  current.  This  was  necessary 
since  the  short  devices  exhibit  a  high  spectrally  integrated 
light  intensity  at  threshold  (about  10  mW  for  lOO^m  width 
caused  by  the  wide  gain  spectrum  as  explained  above).  Fur¬ 
thermore,  their  very  high  threshold  current  densities  limit 
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measurements  far  above  threshold.  Thus  the  conventional 
method  of  linearly  extrapolating  the  light-current  curve 
would  be  inaccurate  for  the  short  devices.  This  restriction 
does  not  apply  for  longer  devices,  and  results  of  some  indi¬ 
vidual  test  lasers  are  shown  as  asterisks  in  Fig.  4. 

Our  model  is  consistent  with  the  qualitative  features  of 
the  data  shown  in  Fig.  4.  The  theoretical  treatment  of  the 
threshold  current  density  as  a  function  of  gain  is  more  com¬ 
plicated  than  that  described  above  to  explain  the  dependence 
of  the  oscillation  wavelength  on  the  gain.  For  the  high  loss 
devices  it  must  take  into  account  the  density  of  states  func¬ 
tion  at  energies  above  the  quantum  well  and  is  thus  a  sensi¬ 
tive  function  of  the  band  profile  outside  the  well  region.  Such 
an  analysis  is  now  in  progress  and  will  be  described  in  a  more 
detailed  account  of  the  work. 

The  considerations  and  data  presented  in  this  letter  have 
a  strong  bearing  on  the  design  for  extremely  short  quantum 
well  lasers  and  on  the  quest  for  short-wavelength  semicon¬ 
ductor  lasers. 

In  conclusion,  the  lasing  of  a  current  pumped  single 
quantum  well  laser  from  the  second  quantized  state  was 
demonstrated.  A  simple  model  explains  the  threshold  cur¬ 


rent  and  spectral  characteristics  of  the  effect,  especially  the 
discontinuous  change  in  lasing  wavelength. 

The  authors  thank  a  reviewer  for  a  helpful  critique.  The 
research  reported  in  this  letter  was  supported  by  the  Nation¬ 
al  Science  Foundation,  Office  of  Naval  Research,  and  Rock¬ 
well  International  Corporation. 


'M.  Mittelsiein.  Y.  Arakawa,  A.  Larsson,  and  A.  Yariv,  XIV  International 
Quantum  Electronics  Conference,  June  1986,  PD16. 

'Y.  Arakawa  and  A.  Yariv,  IEEE  J.  Quantum  Electron.  QE-21,  1666 
(1985). 

’P.  W.  A.  McIIroy,  A.  Kurobe,  and  Y.  Uematsu,  IEEE  J.  Quantum  Elec¬ 
tron.  QE-21,  1958  (1985). 

‘P.  S.  Zory,  A.  R.  Reisinger,  L.  J.  Mawst,  G.  Costrini,  C.  A.  Zmudzinski. 
M.  A.  Emanuel,  M.  E.  Givens,  and  1.  J.  Coleman,  Electron.  Lett.  22. 475 
(1986). 

’A.  Larsson,  M.  Mittelstein,  Y.  Arakawa,  and  A.  Yariv,  Electron.  Lett.  22. 
79  (1986). 

'The  effect  of  changing  S  is  primarily  a  vertical  shift  of  the  curve  in  Fig.  1, 
while  leaving  its  characteristic  features  unchanged.  We  are  aware  that  a 
value  of  S  =  0.6  is  more  consistent  with  the  majority  of  recent  determina¬ 
tions;  we  use  0. 85  because  it  provides  the  best  fit  to  our  data.  However,  our 
model  is  too  simple  to  draw  conclusions  regarding  the  appropnate  value  of 
S. 


1691 


Appi  Phys  Lett.,  Vol  49.  No.  25,  22  December  1986 


Mittelstein  etal. 


1691 


•Unclassified 


ECURITY  classification  of  this  pa 


1*.  REPORT  SECURITY  CLASSIFICATION 

Unclassified 


2m.  security  CLASSIFICATION  AUTHORITY 


2b.  DECLASSIFICATION /DOWNGRADING  SCHEDULE 


4.  PERFORMING  organization  REPORT  NUMBER(S) 

N00014-85-K-0211 


REPORT  DOCUMENTATION  PAGE 


lb  RESTRICTIVE  MARKINGS 


Fof/n  Approved 
0MB  No  0704-0188 


8m.  name  of  PERFORMING  ORGANIZATION 
California  Institute  of 
Technology _ 


6c  ADDRESS  (Oty,  end  ZIP  Code) 

Pasadena,  California  91125 


6b.  OFFICE  SYMBOL 
(If  MpplicMble) 


8b  OFFICE  SYMBOL 
(If  MPpliCMble) 


8m.  name  of  fUNDINO  I  sponsoring 
ORGANIZATION 

Office  of  Naval  Research 


8c  ADDRESS  (dry,  SiMte.  end  ZIP  Code) 

800  N.  Quincy  Street 
Arlington,  VA  22217 


11.  TITLE  (Include  Security  CIsuifiCMtion) 

Quantum  Well  Lasers — Gain,  Spectra,  Dynamics 


3.  DISTRIBUTION /availability  OF  REPORT 

Approved  for  public  release;  distribution 
unlimited. 


5.  MONITORING  ORGANIZATION  REPORT  NUM8ER(S) 

696-002 


7m.  name  of  MONITORING  ORGANIZATION 

Office  of  Naval  Research 


7b.  ADDRESS  (Oty,  Stste,  end  ZIP  Code) 

565  S.  Wilson 

Pasadena,  California  91106-3212 


9  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 

POOOOl 


10  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 
ELEMENT  NO. 


L2.  PERSONAL  AUTHOR(S) 

Y.  Arakawa  and  A.  Yariv 


IJa.  TYPE  OF  REPORT 

Reprint 


13b  TIME  COVERED 
FROM  _ _ TO 


14.  DATE  OF  REPORT  {Yeer,  Month.  Oey)  |15.  PAGE  COUNT 

1986  September  |  13 


16.  supplementary  notation  The  view,  opinions  and/or  findings  contained  in  this  report  are  those 
of  the  author(s)  and  should  not  be  construed  as  an  official  Department  of  the  Navy  position, 
policy,  or  decision  unless  so  designated  by  other  documentation.  _ 


18.  SUBJECT  TERMS  (Continue  on  reverte  if  neceutry  end  identify  by  block  number) 

quantum  well  lasers 


17. 

COSATI 

COOES 

FIELD 

GROUP 

SUB-GROUP 

19.  abstract  (Continue  on  reverie  if  neceuery  end  identify  by  block  number) 

We  discuss  a  number  of  theoretical  and  experimental  issues  in  quantum  well  lasers  with 
emphasis  on  the  basic  behavior  of  the  gain,  the  field  spectrum,  and  the  modulation  dynamics. 
It  is  revealed  that  the  use  of  quantum  well  structures  results  in  improvement  of  these 
properties  and  brings  several  new  concepts  to  optical  semiconductor  devices. 


20  DISTRIBUTION /AVAILABILITY  OF  ABSTRACT 

□  UNCLASSIFIED/UNLIMITEO  □  SAME  AS  RPT  □  OTIC  USERS 


22m  name  of  RESPONSIBLE  INDIVIDUAL 


21.  abstract  SECURITY  CLASSIFICATION 


22b  telephone  (include  Ares  Code)  22c  OFFICE  SYMBOL 


00  Form  1473,  JUN  86 


Previous  editions  sre  obsolete. 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 


IEEE  JOURNAL  OF  QUANTUM  ELECTRONICS.  VOL.  QE-2:.  NO  >>.  SEPTEMBER  WKb 


lliX’ 


Quantum  Well  Lasers— Gain,  Spectra,  Dynamics 


Y.  ARAKAWA,  member,  ieee,  and  A.  YARIV,  fellow,  ieee 


{Invited  Paper) 


Abstract— V/t  discuss  a  number  of  theoretical  and  experimental  is¬ 
sues  in  quantum  weil  lasers  with  emphasis  on  the  basic  behavior  of  the 
gain,  the  Held  spectrum,  and  the  moduiation  dynamics.  It  is  revealed 
that  the  use  of  quantum  well  structures  results  in  improvement  of  these 
properties  and  brings  several  new  concepts  to  optical  semiconductor 
devices. 


I.  Introduction 

The  ability  to  fabricate  single  quantum  well  (SQW) 
and  multiple  quantum  well  (MQW)  devices  has  given 
rise  to  new  optical  and  electronic  devices  as  well  as  to 
new  physical  phenomena  [1].  Since  the  first  investigation 
of  optical  properties  in  quantum  wells  by  Dingle  et  al. . 
[2]  the  application  of  quantum  well  structures  to  semicon¬ 
ductor  laser  diodes  [3],  [4]  has  received  considerable  at¬ 
tention  because  of  physical  interest  as  well  as  its  superior 
characteristics,  such  as  low  threshold  current  density  [S], 
[6],  low  temperature  dependence  of  threshold  current  [7]- 
[9],  lasing  wavelength  tunability,  and  excellent  dynamic 
properties  {101-(121.  By  controlling  the  width  of  the 
quantum  wells,  one  can  modify  the  electron  and  hole 
wavefunctions,  which  leads  to  the  modification  of  mate¬ 
rial  parameters.  This  results  in  improvements  of  the  laser 
characteristics,  as  well  as  introduction  of  new  concepts  to 
semiconductor  optical  devices. 

In  this  paper,  we  describe  the  basic  properties  of  the 
quantum  well  laser  with  emphasis  on  its  dynamic  and 
spectral  properties  as  well  as  gain  characteristics.  We  also 
discuss  new  device  concepts  including  a  ^-switched 
quantum  well  laser  [13]  and  a  quantum  wire  laser  [9], 
[10]. 

II.  Gain  and  Threshold  Curijent 
A.  Density  of  States 

In  a  quantum  well  (QW)  structure,  a  series  of  energy 
levels  and  associated  subbands  are  formed  due  to  the 
quantization  of  electrons  in  the  direction  of  the  QW  thick- 
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ness.  The  density  of  states  (per  unit  energy  and  area)  of 
such  confined  electrons  in  a  SQW  structure  is  given  by 

OD 

PciE)  =  L  -p  H[E  -  e  J  ( 1 ) 

n=\  It n 


where  H\x\,  m^,  ft,  and  e,  are  the  Heaviside  function,  the 
effective  mass  of  electrons,  Planck’s  constant  (h)  divided 
by  2t,  and  the  quantized  energy  level  of  electrons  in  the 
nth  subband  of  the  QW,  respectively.  When  the  barriers 
are  sufficiently  high  and  the  barrier  thickness  is  suffi¬ 
ciently  large,  e„  is  equal  to 


{mth)' 

lm,L\ 


(2) 


where  L.  is  the  thickness  of  the  QW. 

If  we  use  a  MQW  structure  instead  of  the  SQW.  the 
density  of  states  is  modified.  When  barrier  layers  between 
wells  are  thick  enough,  each  well  is  independent.  In  this 
case,  the  density  of  states  is  just  N  times  density  of  states 
of  electrons  in  an  SQW. 

OP 

pfE)  =  N  Z  WIE  -  «„]  (3) 

n  *  I  "Krl 


where  N  is  the  number  of  QW’s.  On  the  other  hand,  if  the 
barrier  is  sufficiently  thin  or  its  barrier  height  is  small 
enough  so  that  coupling  between  adjacent  wells  is  sub¬ 
stantial,  the  quantized  energy  levels  are  no  longer  degen¬ 
erate,  and  each  single  well  level  splits  into  N  different 
energy  levels.  In  this  case,  the  density  of  states  (per  unit 
energy  and  area)  is  expressed  by 

»  N 

p,{E)  =  Z  Z  -  e„J  (4) 

n  -  1  *  -  I  Ttn 


where  e„^{k  =  1,  •  •  •  ,  fV)  are  the  energy  levels  which 
split  from  a  single  well  energy  Ie%  '.-1.  Kroemer  et  al.  [14] 
and  Yariv  et  al.  [IS]  analytically  estimated  the  energy 
broadening  due  to  this  coupling.  The  coupling  is  impor¬ 
tant  for  obtaining  a  uniform  carrier  distribution  in  the 
MQW  structure.  However,  strong  coupling  leads  to  the 
smearing  of  the  configuration  of  the  density  of  states  and 
a  resulting  reduction  in  the  two-dimensional  character  of 
the  wells.  We  can  characterize  the  smearing  due  to  cou¬ 
pling  by  A£  ( ■  max  —  min  ).  This  A  £  corresponds 
to  the  degree  to  which  the  smearing  in  the  density  of  states 
occurs.  Since  the  tunneling  time  t,  of  electrons  through  a 
barrier  is  on  the  order  of  A/A£,  the  following  relations 
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are  required  for  obtaining  good  uniformity  of  carrier  con¬ 
centration  and  maintaining  the  two-dimensional  proper¬ 
ties  [14]: 

hh,  «  SE(=filT,)  «  h/T,„  (5) 

where  r,  is  the  carrier  recombination  time  at  lasing  and 
r,„  is  the  intraband  relaxation  time  (i.e.,  F;  time).  The  first 
inequality  indicates  that  the  tunneling  time  for  uniform 
carrier  distribution  should  be  much  smaller  than  the  re¬ 
combination  time.  The  second  one  implies  that  the  smear¬ 
ing  due  to  the  coupling  should  be  much  smaller  than  the 
smearing  due  to  the  carrier  relaxation  effects.  A  locali¬ 
zation  effect  in  two  slightly  asymmetric  wells  is  also  dis¬ 
cussed  by  Lang  et  al.  [16]  and  Yariv  et  al.  [15].  In  order 
to  simplify  the  discussion  in  this  paper,  we  assume  that 
the  coupling  in  an  MQW  is  weak  enough  that  the  density 
of  states  can  be  described  by  (3). 

B.  Linear  Gain 

The  gain  properties  in  QW  lasers  have  been  investi¬ 
gated  using  different  theoretical  treatments  [17]-[23].  The 
main  features  of  the  gain  properties  in  QW  lasers  are  the 
gain  flattening  effect,  dependence  on  the  number  and  the 
thickness  of  the  QW’s  and  the  anisotropy  of  the  momen¬ 
tum  matrix  element.  When  the  recombination  is  domi¬ 
nated  by  the  band-to-band  radiative  process  [24],  [25], 
the  linear  bulk  gain  derived  under  ^-selection  rule  is  given 
by  [26] 

g(£.  n)  =  ^  x,(E,  n)  (6) 

'Ir 


velocity,  and  is  the  bandgap.  Although  the  possibility 
of  the  transition  with  no  it-selection  rule  [19]  and  a  vio¬ 
lation  of  the  A/I  =  0  selection  rule  have  been  discussed, 
we  will  adopt  the  formula  with  k-selection  rule  with  An 
=  0  selection  rule. 

In  QW  structures,  it  was  observed  by  Kobayashi  er  al. 
[27]  that  the  internal  gain  depends  on  the  polarization  of 
the  light.  Asada  et  al.  [28]  and  Yamanishi  et  al.  [29]  dis¬ 
cussed  this  phenomenon  using  the  Jfc  •  ^  perturbation 
method  developed  by  Kane  [30].  For  instance.  yllve 
for  the  TE  mode  (polarized  parallel  to  the  layers)  due  to 
an  electron-heavy  hole  transition  is  given  by 

\K.h\111  =  |A/oIL  (1  +  (8) 

where  |A/olLe  is  the  square  of  the  dipole  matrix  element 
of  conventional  double  heterostructure  (DH)  lasers  and  is 
approximately  equal  to  1.33  moE^.  For  more  precise  dis¬ 
cussion  on  this  matrix  element,  nonparabolicity  and  an¬ 
isotropy  of  valence  band  should  be  considered,  which  is 
discussed  elsewhere.  The  calculated  results  shown  below 
are,  however,  on  the  basis  of  the  above  simple  model. 

The  quasi-Fermi  energy  levels  6f,  and  in  a  laser  are 
determined  by  both  the  charge  neutrality  condition  and 
the  condition  that  the  modal  gain  =F,(£)  where 

r  is  the  optical  confinement  factor)  at  the  photon  energy 
El  for  the  laser  oscillation  is  equal  to  the  total  losses  a,o,ai 
as  follows: 

~  “  ®to*al 

=  Toae  +  (1  -  n  -H  L~'  In  (l/R)  (9) 


X/(£,  /I)  =  f  £  E  r4i,(0(/c-(£<-,) 

J  n  =  Q  j  =  l.h 

-  fv(E„))rr‘{E,e)de.  (7) 


The  bulk  gain  is  the  gain  exercised  by  an  electromagnetic 
field  if  it  were  completely  confined  to  the  QW  (i.e.,  a 
confinement  factor  of  unity).  £  is  the  photon  energy,  j 
designates  either  light  holes  (/)  or  heavy  holes  (A),  p4d.  >s 
the  reduced  density  of  states  which  is  defined  by  = 
((Pr,)”’  +  (pi,)'')”',  pi,  is  the  density  of  states  of  light 
holes  (j  =  /)  or  heavy  holes  (j  =  h),  and /.  (/„)  is  the 
quasi  Fermi-Dirac  distribution  function  for  electrons 
(holes)  in  the  conduction  band  (the  valence  band)  with  the 
Fermi-energy  (t/J.  E^^  and  £i,  are  equal  to  + 

fnlE  +  -t-  mi)  and  Cm^ei,  -  m^E  +  mie^„)/(m^ 

-t-  ml.),  respectively,  where  ml  and  ei,  are  the  effective 
mass  and  the  energy  level  of  the  nth  subband  of  light  holes 
ij  =  /)  or  heavy  holes  {j  =  lt).xiiE,n)  \s  the  imaginary 
part  of  the  susceptibility  and  xTHE,  e)  is  the  susceptibility 
of  each  electron-heavy  hole  pair  (or  electron-light  hole 
pair)  in  the  nth  subband  and  is  given  by 


xTHE,  e)  = 


Tte^h 

m^nrE. 


A/t„ 


(£  -  6)^  -t-  (A/r.„)^ 


(8) 


where  n,  is  the  refractive  index  of  the  active  layer,  e  is 
the  electron  charge,  m^  is  the  mass  electrons,  c  is  the  light 


where  a,,.'  “ex-  E,  and  L  are  the  loss  in  the  active  region, 
the  loss  in  the  cladding  layers,  the  reflectivity,  and  the 
cavity  length,  respectively. 

Once  the  Fermi  energy  levels  are  fixed,  the  injected 
current  density  J  is  determined  by  the  following  equation: 

■  (\  -  UEr„))  xV{E,  t)  de  d^.  (10) 

The  optical  confinement  factor  F  depends  strongly  on 
the  structure.  If  we  use  the  separate  confinement  struc¬ 
ture,  r  can  be  expressed  approximately  by  the  following 
simple  formulas  [11]: 

r  =  0.3/V^  (ID 

H) 

where  N  is  the  number  of  QW’s.  is  equal  to  1000  A  . 
and  the  following  structure  is  assumed;  the  MQW  laser 
has  Gao  75Alo  25As  barriers  and  Gao  jsAlojsAs  waveguide 
layers,  and  the  dimension  of  the  waveguide  layers  is  de¬ 
termined  so  that  the  total  thickness,  including  QW’s.  bar¬ 
riers,  and  waveguide  layers,  is  equal  to  2000  A.  The 
cladding  layers  are  made  of  p-Gao6Alo4As  and  n- 
Gao  ftAlo aAs.  In  the  following  calculation,  we  will  ignore 
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(a) 


(b) 


Fig.  1  (a)  The  modal  gain  (  =rg)  as  a  function  of  the  Injected  current 
density  with  various  number  of  quantum  wells  N.  The  thickness  of  each 
quantum  well  is  assumed  to  be  100  A .  (b)  An  illustration  which  explains 
how  the  gain  flattening  effect  occurs  with  the  increase  of  the  Fermi  en¬ 
ergy  levels 


Fig.  2.  The  threshold  current  as  a  function  of  the  quantum  well  ihickncvs 
with  various  total  loss  a  loss.  The  number  of  quantum  wells  is  optimized 
so  that  the  threshold  current  is  minimum. 


nonradiative  effects  such  as  the  Auger  recombination  and 
the  intervalence  band  effect  [311-[34]. 

If  the  carrier  density,  hence  the  quasi-Fermi  energy 
level,  in  each  QW  is  the  same,  the  modal  gain  with  N 
QWs,  gmodlf/).  is  given  by 

(12) 

where  Ei  is  the  lasing  photon  energy.  But,  this,  of  course, 
happens  at 

or,  stated  in  words,  the  modal  gain  available  from  N  QW’s 
is  N  times  that  of  an  SQW  and  is  obtained  at  a  current 
density  which  is  N  times  that  of  an  SQW  laser.  Fig.  1(a) 
shows  the  calculated  modal  gain  g^(Ei )  as  a  function  of 
the  injected  current  density  in  a  QW  laser  with  N  QW’s 
on  the  basis  of  (12)  and  (13).  We  notice  a  very  marked 
flattening  ("saturation")  of  the  gain  at  high  injected  cur¬ 
rents.  especially  in  an  SQW  (N  =  1).  This  gain  flattening 
effect  is  due  to  the  step-like  shape  of  the  density  of  states 
functions,  and  the  fact  that  once  the  quasi-Fermi  energy 
levels  penetrate  into  the  conduction  band  and  valence 
band,  which  happens  at  high  injected  curreots,  the  prod¬ 
uct  /  -  /(.).  which  determines  the  gain,  becomes 

a  constant  and  no  longer  increases  with  the  current.  This 
is  illustrated  in  Fig.  1(b).  This  flattening  effect  was  evi¬ 
denced  recently  by  Arakawa  et  al.  [35]  in  a  systematic 
measurement  of  the  threshold  current  of  high-quality 
GRIN-SCH  (graded  index  waveguide-separate  confine¬ 
ment  heterostructure)  SQW  lasers  of  different  cavity 
length.  They  observed  the  jump  of  the  lasing  wavelength 
with  the  decrease  of  the  cavity  length  from  the  wavelength 
corresponding  to  /i  =  1  transition  to  the  wavelength  cor¬ 
responding  to  n  =  2  transition,  which  demonstrates  the 
existence  of  discrete  quantized  energy  levels. 

Owing  to  this  gain  flattening  effect,  there  exits  an  op¬ 
timum  number  of  QW’s  for  minimizing  the  threshold  cur¬ 
rent  for  a  given  total  loss  aiom-  From  Fig.  1(a),  we  see 
that,  for  low  losses,  the  injected  threshold  current  is  min¬ 


imum  with  N  =  1 .  On  the  other  hand,  if  a,n,ai  =  20  cm'  . 
the  threshold  current  with  iV  =  1  is  larger  than  that  of 
N  =  2.  M  higher  values  of  which  call  for  larger  laser 
modal  gain,  a  larger  number  of  wells  is  needed.  When 
a,oui  is  50  cm"',  a  five-well  structure  (N  =  5)  will  have 
the  lowest  threshold  current. 

Fig.  2  shows  the  threshold  current  as  a  function  of  the 
QW  thickness  for  various  a,o,a|.  In  this  calculation,  the 
number  of  QW’s  is  optimized  for  each  QE  thickness  so 
that  the  threshold  current  is  minimum.  The  results  indi¬ 
cate  that  the  threshold  current  of  thinner  QW  lasers  {L-  = 
50-100  A)  is  much  lower  than  that  of  thicker  QW  lasers. 
We  also  notice  that  the  threshold  current  is  minimized  with 
L;  »  60  A  when  ajoss  is  low  (aios.,  =  10-30  cm"').  This 
is  mainly  due  to  the  fact  that  the  current  for  transparency 
(gain  equals  to  zero)  is  minimized  at  the  thickness  of 
L,  »  60  A  in  the  case  of  ^  =  1  and  also  due  to  the  fact 
that  the  optimum  N  in  QW  lasers  with  each  thickness  is  1 
in  the  case  of  low  a,o„,  for  thin  QW  structures. 

C  Experiment 

Many  experiments  on  GaAs/GaAlAs  QW  laser  [5],  [7], 
(36j-[43],  InGaAsP/InP  QW  lasers  [44]-[47],  InGaAlAs 
QW  lasers  [48],  and  AlGaSb  QW  lasers  [49]  have  been 
reported.  Fuji  et  al.  [5]  reported  a  very  low  threshold  cur¬ 
rent  density  as  low  as  175  A/cm“  with  480  pm  cavity 
length  in  a  GaAs/AlGaAs  GRIN-SCH  SQW  laser.  This 
demonstrates  the  realization  of  high  gain  with  lower  spon¬ 
taneous  emission  rate  owing  to  the  step-like  density  of 
states. 

suiting  in  a  red  shift  of  the  excitonic  absorption  energy. 
The  band  discontinuities  prevent  the  ionization  of  the  ex- 
citon,  allowing  excitonic  resonances  to  be  observed  at 
room  temperature  with  large  applied  fields  (>  10^  V/cm). 

The  concept  of  the  size  effect  modulation  proposed  by 
Yamanishi  et  al.  [74]  also  utilizes  the  application  of  elec¬ 
tric  field.  This  causes  the  spatial  of  the  electron  distribu¬ 
tion  and  hole  distribution  in  a  well,  which  leads  to  the 
modulation  of  the  matrix  elements. 
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Fig.  3.  The  light  output  power  versus  injection  current  under  pulsed  con¬ 
dition  of  a  100  jtin  wide  and  480  jim  broad  area  GaAs/AIGaAs  GRIN- 
SCH  laser  (400  ns.  25  Hz). 


Fig.  4.  The  far-held  pattern  parallel  to  the  injection  plane  of  a  100  jiin 
wide  broad  area  GaAsyAIGaAs  GRIN-SCH  laser  at  /  »  1 .2/,i,.  The  mea- 
.suied  full  width  at  half  maximum  is  0.8°  which  is  quite  close  to  the 
diffraction  limit  of  0.4° 

Recently,  in  MBE-grown  broad  area  GaAs/AlGaAs 
GRIN-SCH  SQW  lasers,  a  quantum  efficiency  around  70 
percent  with  a  single  far-held  lobe  as  narrow  as  0.8°  has 
been  achieved  by  Larsson  et  al.  [SO].  Fig.  3  shows  the 
measured  light  output  power  versus  injection  current  un¬ 
der  pulsed  condition  (400  ns,  25  Hz)  using  calibrated  Si 
photodiodes  and  filters.  The  threshold  current  is  1 10  mA, 
which  corresponds  to  a  threshold  current  density  of  230 
A/cm^.  The  maximum  output  power  of  1 .35  W  from  one 
mirror  was  limited  by  the  available  current  from  current 
source.  The  high  external  quantum  efficiency  is  a  com¬ 
bined  result  of  the  low  threshold  current  density  and  the 
high  differential  quantum  efficiency  of  84  percent.  This 
can  be  explained  in  terms  of  the  step-like  density  of  states 
associated  with  the  quasi-two-dimensional  structure  of  the 
SQW,  enhanced  carrier  and  optical  confinement  in  the 
GRIN  region,  and  optimized  growth  conditions.  The  in¬ 
ternal  loss  estimated  by  measuring  the  differential  quan¬ 
tum  efficiency  of  the  lasers  with  various  cavity  length  is 
as  low  as  1.8  cm“‘.  Fig.  4  shows  the  far-held  pattern 
parallel  to  the  junction  plane  for  a  100  nm  wide  laser  at 
I  -  1 .2/,),  where  /,),  is  the  threshold  current.  The  measured 
full  width  at  half  maximum  (FWHM)  is  0.8°,  to  be  com¬ 
pared  to  the  diffraction  limit  of  0.4°.  This  extremely  nar¬ 


row  far  field  is  a  result  of  increased  lateral  coherence  pro¬ 
duced  by  uniformly  distributed  and  phase-locked 
filaments. 

III.  Differential  Gain  and  Modulation  Bandwidth 
A.  Relaxation  Oscillation  Frequency  and  Differential 
Gain 

The  direct  modulation  of  a  semiconductor  laser  has  been 
a  subject  of  active  research  for  the  past  20  years  [51]- 
[55].  Experiments  have  shown  the  existence  of  a  reso¬ 
nance  peak  in  the  modulation  response.  In  the  early  stage 
of  the  semiconductor  laser  development,  the  principal 
concern  was  in  optimizing  structures  for  realizing  low 
threshold  currents  and  high  quantum  efficiencies.  With  the 
increasing  sophistication  of  the  laser  and  the  maturing  of 
the  technology,  their  high-speed  dynamic  characteristics 
became  a  subject  of  increasing  importance.  Many  efforts 
have  been  devoted  to  realizing  a  wide  bandwidth  in  con¬ 
ventional  DH  semiconductor  lasers  by  changing  the  laser 
geometry.  Another  approach  is  to  modify  the  basic  ma¬ 
terial  properties  through  the  use  of  QW  structures.  In  this 
section,  we  discuss  the  possibility  of  the  improvement  of 
these  characteristics. 

The  relaxation  oscillation  comer  frequency  /.  gives  the 
useful  direct  modulation  bandwidth  of  a  semiconductor 
laser.  The  simple  rate  equation  for  laser  dynamics  can  be 
described  as  follows: 


dn  _  J(fy 
dt  eL. 
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where  P  is  the  photon  density,  0  is  the  spontaneous  emis¬ 
sion  coefficient  into  the  lasing  mode,  t,  is  the  carrier  life¬ 
time,  Jit)  (cm"^)  is  the  injected  current  density,  n  is  the 
carrier  concentration,  and  g(n,  £/)  (cm"^)  is  the  bulk  gain, 
while  Fgin,  Ei)  is  the  modal  gain  as  a  function  of  the 
carrier  density  n  at  the  lasing  photon  energy  E/ .  To  em¬ 
phasize  the  dependence  of  the  gain  on  carrier  concentra¬ 
tion,  we  denote  the  gain  as  g{E,  n)  hereafter.  When  we 
discuss  the  carrier  density  in  QW  structures,  we  usually 
use  the  two-dimensional  density  (per  cm^).  However,  the 
proper  “bookkeeping”  of  photons  and  carriers  requires 
that  n  stand  for  carrier  density  per  unit  volume.  The  re¬ 
laxation  resonance  frequency/,  is  determined  by  a  small- 
signal  analysis  of  (14)  and  (15).  The  result  can  simply  be 
expressed  by  [53] 


where  Pq  is  the  stationary  photon  density  in  the  cavity  and 
g’(Ei,  n)  is  the  differential  gain  (i.e.,  g'(E,  n)  =  dg(E. 
n)/dn).  This  result  suggests  several  ways  to  improve  /: 
larger  g'(E( ,  n),  smaller  r^,  and  larger  Pg.  The  reduction 
of  Tp  and  the  increase  of  Pg  are  realized  with  the  use  of 
short  cavity  lasers  [53]  and  window-type  lasers  [54].  To 
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Fig.  S.  The  differential  gain  as  a  function  of  the  conduction  band  quasi- 
Fermi  energy  level  in  a  conventional  double  heterostructure  laser  and  a 
quantum  well  laser  with  SO  A  well  thickness. 

increase  g'(Ei .  n),  operation  at  low  temperatures  [SS]  and 
the  use  of  coupled  cavity  lasers  [S6]  have  been  consid¬ 
ered. 

The  basic  quantum  mechanical  expression  for  g'{E,  n) 
suggests  yet  another  way  to  increase  g'(E,  n):  changing 
the  electron  density  of  states  with  the  use  of  QW’s  [10}, 
[llj.  Since  the  gain  g(E,  n)  is  proportional  to  the  imagi¬ 
nary  part  x/(f<  «).  as  shown  in  (6),  g'{E,  n)  can  be  ex¬ 
pressed  by  the  following  equation: 

g'iE,  Xt(£<  (17) 

It  is  easily  seen  from  this  equation  that  the  density  of  states 
plays  an  important  role  in  determining  the  properties  of 
g'(E,  n)  as  well  as  g(£,  n).  The  step-like  density  of  states 
narrows  the  gain  spectrum  compared  to  that  in  the  bulk 
matenal,  which  leads  to  an  increase  of  g'(£,  n). 

Fig.  5  shows  the  calculated  differential  gain  g'(£/, 
n(ffj)  for  a  conventional  DH  laser  and  a  QW  laser  as  a 
function  of  the  conduction  band  quasi-Fermi  energy  level 
(measured  from  the  lowest  subband  energy  level).  The 
thickness  of  the  QW  structures  is  equal  to  SO  A.  The 
quasi-Fermi  energy  level  for  the  holes  is  determined  by 
the  charge  neutrality  condition.  The  result  predicts  an  en¬ 
hancement  of  g'{E,  n)  for  the  QW  active  layer.  Note  that 
since  g'(Ei ,  n)  is  a  bulk  parameter,  it  is  independent  of 
the  number  of  QW’s. 

This  figure  also  shows  that  g.'(£(,  n)  depends  strongly 
on  (i  c-.  necessary  excitation  for  laser  oscillation).  The 
Fermi  energy  dependence  of  g'(£;,  n)  implies  that  there 
is  an  optimum  number  N  of  QW’s  in  a  laser  structure 
which  causes  the  largest  enhancement  of  /. .  To  see  this, 
consider,  again,  the  threshold  condition  for  lasing  in  (9). 
For  simplicity,  we  ignore  the  dependence  of  a,o„|  on  the 
structure.  Since  the  gain  is  a  monotonically  increasing 
function  of  the  required  for  laser  oscillation  de¬ 
creases  monotonically  with  the  increase  of  N.  Conse¬ 
quently,  there  exits  an  optimum  N  for  realizing  e™*,  de¬ 
fined  to  yield  the  maximum  g'(£(,  n).  It  is  easily  shown 
that  the  at  lasing  threshold  for  N  =  1  is  much  larger 


WELL  THICKNESS  (A) 

Fig.  6.  The  relaxation  resonance  frequency  in  a  quantum  well  laser  as  a 

function  of  the  well  thickness.  The  number  of  quantum  wells  and  quan¬ 
tum  wires  is  optimized  for  each  quantum  well  thickness. 

than  6™*.  Therefore,  the  largest  g'(£/,  n)  and  the  fastest 
modulation  speeds  are  achieved  for  the  MQW  cases  (N  > 
2).  Fig.  6  shows  the  calculated/,  as  a  function  of  L.  (the 
QW  width);  ci(,o,ai  is  assumed  to  be  50  cm"'.  At  each  L., 
the  number  of  wells  is  optimized  and  /  is  normalized  by 
/  of  a  conventional  DH  laser  (i.e.,  L.  -»  oo).  The  results 
suggest  that  by  optimizing  N,  /  can  be  enhanced  by  a 
factor  of  two  in  thin  QW  lasers. 

B.  Experiment 

The  enhancement  of  /  was  experimentally  demon¬ 
strated  by  Uomi  et  al.  [57].  They  used  an  MQW  laser 
with  a  self-aligned  structure  grown  by  MOCVD  and  mea¬ 
sured  the  relaxation  oscillation  observed  in  the  transient 
characteristics  without  dc  bias  at  room  temperature.  /  was 
measured  as  a  function  of  (.P/Pc)  where  P  is  the  output 
power  and  P^  is  the  power  for  catastrophic  optical  dam¬ 
age.  It  was  found  that  /  of  the  MQW  laser  is  about  twice 
as  large  as  that  of  a  DH  laser  with  the  same  structure. 
They  estimated  the  modulation  frequency  to  be  11  GHz 
near  the  catastrophic  optical  damage  limit.  This  experi¬ 
mental  result  supports  the  above  theoretical  calculations. 
Iwamura  et  al.  [58]  measured  the  longitudinal  mode  be¬ 
havior  in  MQW  lasers  under  modulation,  and  they  ob¬ 
tained  a  result  which  suggest  that  the  narrower  gain  spec¬ 
trum  of  an  MQW  laser  causes  fewer  longitudinal  modes 
under  modulation. 

IV.  Spectral  Noise  Properties 
A.  Spectral  Linewidth 

Recently,  the  subject  of  semiconductor  laser  noise  has 
received  considerable  attention.  The  deviation  of  conven¬ 
tional  DH  laser  noise  characteristics  from  well-estab¬ 
lished  norms  was  demonstrated  by  Fleming  et  al.  [59]. 
They  found  that  the  linewidth  varies  inversely  with  output 
power,  as  predicted  by  the  modified  Schawlow-Townes 
formula.  The  coefficient  of  the  power  dependence,  how¬ 
ever,  was  significantly  larger  than  predicted  by  the  for¬ 
mula.  This  discrepancy  was  explained  physically  by 
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Fig.  7.  The  linewidth  enhancement  factor  a  as  a  function  of  the  conduc¬ 
tion  band  quasi-Fermi  energy  level  in  a  conventional  double  helerostruc- 
ture  laser  and  a  quantum  well  laser  with  SO  A  well  thickness. 
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Fig.  8.  The  spectral  linewidth  in  a  quantum  well  laser  as  a  function  of  the 
well  thickness.  The  number  of  quantum  wells  is  optimized  for  each  quan¬ 
tum  well  thickness. 


Henry  [60],  and  a  new  theory  was  developed  by  Vahala 
et  aL  [61],  [62].  They  showed  that  the  expected  broaden¬ 
ing  enhancement  is  a  factor  (1  ■¥  a^)  where  a  is  named 
the  linewidth  enhancement  factor.  The  basic  explanation 
is  that  phase  fluctuations  can  result  from  index  variations 
during  relaxation  oscillations  after  a  spontaneous  event, 
as  well  as  by  direct  sponuneous  emission  events.  For  re¬ 
ducing  the  linewidth,  the  use  of  an  external  minor,  cou¬ 
pled  cavity  laser,  and  distributed  feedback  laser  have  been 
investigated.  Another  approach  for  reducing  the  linewidth 
is  to  modify  the  density  of  states.  In  this  section,  we  in¬ 
dicate  how  the  linewidth  (or  a)  is  reduced  through  the  use 
of  QW  structures  [10]-[12],  [63]. 

The  spectral  linewidth  Ap  can  be  expressed  by  [60], 
[61],  [64] 

v./tyr.  Rmn„  , 

(1  +  «  )  (18) 

rP 

a  =  (19) 

3x/(£/,  n)ldn 

R„,  Vg,  hv,  r,  g,  /ijp,  and  P  are  the  mirror  loss,  the  group 
velocity  of  light,  the  photon  energy,  the  optical  confine¬ 
ment  factor,  the  bulk  gain  at  threshold,  the  spontaneous 
emission  factor,  and  the  laser  output  power,  respectively. 
Xji(£,  n)  is  the  real  part  of  the  complex  susceptibility  and 
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The  denominator  of  (19)  is  proportional  to  g'(Ei,  n). 
Therefore,  from  the  results  of  the  previous  section,  an  in¬ 
crease  of  the  denominator  can  be  expected  with  the  use  of 
QW’s.  The  numerator  in  (19),  however,  is  also  enhanced 
in  QW  structures.  Therefore,  it  is  diflicult  to  predict  the 
behavior  of  a  in  these  structures  without  numerical  cal¬ 
culations.  Fig.  7  gives  a  calculation  of  a  as  a  function  of 
Cf,  for  conventional  DH  lasers  and  QW  lasers.  In  this  fig¬ 
ure,  the  thickness  of  the  QW’s  is  equal  to  50  A .  These 
calculation  indicate  first  that  a  depends  strongly  on  6^,  (or 
equivalently,  on  the  level  of  injection  which  is  determined 
by  optical  gain  required  for  laser  oscillation),  its  magni¬ 
tude  decreasing  for  larger  e/r^.  (This  result  has  been  ob¬ 
served  experimenully  for  conventional  DH  lasers  [65].) 
Second,  this  reduction  of  |a|  with  increasing  excitation  is 
larger  in  QW  lasers  than  in  conventional  DH  lasers. 
Therefore,  a  smaller  number  of  QW’s  leads  to  a  smaller 
value  of  |a|  because  a  laser  with  a  smaller  number  of 
QW’s  requires  higher  Fermi  energy  levels  for  a  given 
modal  gain. 

The  linewidth  Ai'  also  contains  the  spontaneous  emis¬ 
sion  factor  n,p  which  decreases  monotonically  with  the 
increase  of  and  converges  to  1 .  This  /ijp  is  the  ratio  of 
the  spontaneous  emission  rate  into  the  lasing  mode  to  the 
stimulated  emission  rate  and  is  given  by 


(  E  E 

J  n»0  j^Lh 


/7U(e)/c(£j(l  -  UEJ)  xT^E,  f)  de 


a  reflects  the  strong  amplitude-phase  coupling  of  the 
lasing  field  in  a  semiconductor  laser  resulting  from  the 
highly  detuned  optical  gain  spectrum.  Equation  (18)  in¬ 
dicates  that  Ay  depends  on  the  electronic  density  of  states 
through  a  and  n,p. 


‘sp  j»  0. 
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If  the  energy  broadening  due  to  the  intraband  relaxation 
is  extremely  small,  we  can  approximate  n^p  at  the  photon 
energy  £,  by 


1  -  exp  ((£,  -  ep,  -F  er^)/kD' 

As  shown  in  this  equation,  n^p  is  a  monotonically  decreas- 
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ing  function  of  Therefore,  for  a  fixed  loss  (i.e.,  is 
constant),  it  is  advantageous  to  operate  with  a  high  to 
attain  a  reduction  in  Ar.  With  regard  to  the  number  of 
QW’s,  this  means  that,  in  contrast  to/,,  the  SQW  active 
layer  is  the  optimum  choice  for  phase  noise  reduction. 
Fig.  8  gives  the  minimum  attainable  Av  as  a  function  of 
Z,.  with  various  aioss-  We  notice  that  Av  is  reduced  greatly 
for  a  thin  active  layer.  Av  is  minimum  around  L,  =  80  A 
because  there  is  the  current  region  in  which  a  of  Z,,  =  80 
A  is  smaller  than  that  of  L.  =  50  A  in  the  case  of  aioss 
=  10  cm"'.  Since  the  value  Av  for  a  DH  laser  (0.1  ftm 
active  layer)  is  calculated  to  be  60  MHz/mW  with  a,o,ai 
=  30  cm"'.  Av  can  be  substantially  reduced  with  a  thin 
QW  structure  by  a  factor  of  ^  compared  to  Av  for  DH 
lasers.  For  all  L,,  Av  increases  monotonically  when  the 
number  of  QW’s  increases. 

B.  Experiments 

Recently,  Ogasawara  et  al.  [66]  measured  the  a  param¬ 
eter  of  MQW  lasers  experimentally.  The  active  layer  con¬ 
sisted  of  four  40  A  thick  GaAs  wells  and  four  50  A  thick 
AlojGaorAs  barriers.  They  measured  the  change  in 
dxn(Ei,  n)/dn  and  dxi(E,,  n)ldn  separately.  Bxr(Ei,  n)ldn 
is  measured  from  the  wavelength  shift  of  a  Fabry-Perot 
mode  with  pulsed  current  injection  below  threshold  and 
dxiiEi,  n)/dn  is  measured  from  the  depth  of  modulation 
in  the  spontaneous  emission  intensity.  Although  their 
measurement  is  not  a  direct  measurement  and  the  mea¬ 
sured  a  is  obtained  below  threshold,  their  result  supports 
our  prediction.  Their  experiment  suggests  that  a  of  a  QW 
laser  is  smaller  by  a  factor  of  ^  compared  to  that  of  a 
conventional  DH  laser  with  the  same  carrier  concentra¬ 
tion. 

V.  New  Optical  Devices  Using  Quantum  Wells 
A.  New  Optical  Devices  Using  QW  Structures 

As  discussed  above,  the  QW  laser  is  a  promising  light 
source  for  various  applications,  and  considerable  effon  has 
been  devoted  to  developing  high-quality  QW  lasers.  In 
addition,  other  new  optical  devices  based  on  QW  struc¬ 
tures  have  been  proposed  and  demonstrated.  These  in¬ 
clude  optical  modulators  [67],  [68],  optical  bistable  de¬ 
vices  [69],  tunable  p-i-n  QW  photodetectors  [70],  [71], 
size  effect  modulation  light  sources  [74],  ^-switching 
laser  light  sources  [9],  and  modulation-doped  detectors 
[72],  [73].  The  first  three  devices  utilize  the  quantum- 
confined  Stark  effects  [84],  [85]  described  as  follows.  The 
room-temperature  absorption  spectrum  of  MQW  displays 
enhanced  absorption  at  the  band  edge,  with  a  double- 
peaked  structure  caused  by  excitons  whose  binding  en¬ 
ergy  is  enhanced  by  the  two-dimensional  confinement. 
When  an  electric  field  is  applied  to  the  QW’s  perpendic¬ 
ular  to  the  layers,  the  exciton  absorption  peak  shifts  to 
lower  energy.  This  effect  is  much  larger  than  the  Franz- 
Keidysh  effect  seen  in  bulk  materials.  The  dominant 
mechanism  is  the  decrease  in  confinement  energies,  re¬ 
sulting  in  a  red  shift  of  the  excitonic  absorption  energy. 
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Fig.  9.  (a)  Perspective  view  of  the  two-segment  quantum  well  laser.  The 
lengths  of  the  amplifier  section  /,  and  the  modulator  section  /,  were  250 
and  SO  um,  respectively,  (b)  The  associated  energy  band  diagram  of  the 
active  layer. 
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The  band  discontinuities  prevent  the  ionization  of  the  ex¬ 
citon,  allowing  excitonic  resonances  to  be  observed  at 
room  temperature  with  large  applied  fields  ( >  10^  V/cm). 

The  concept  of  the  size  effect  modulation  proposed  by 
Yamanishi  et  al.  [74]  also  utilizes  the  application  of  elec¬ 
tric  field.  This  causes  the  spatial  displacement  of  the  elec¬ 
tron  distribution  and  hole  distribution  in  a  well,  which 
leads  to  the  modulation  of  the  matrix  elements. 

B.  Q  Switching  in  an  MQW  Laser  with  an  Internal  Loss 
Modulation 

Picosecond  pulse  generation  technology  in  semicon¬ 
ductor  laser  diodes  is  important  for  high-speed  optical 
communication  systems  [75]-[83].  In  g-switching  lasers, 
in  contrast  to  mode-locked  lasers,  no  external  mirror  is 
needed  [80],  [81]  and  lower  modulation  power  is  required 
compared  to  gain  switching  systems  [82],  [83].  Recently, 
effective  active  Q  switching  was  successfully  demon¬ 
strated  by  Arakawa  et  al.  [13]  in  a  GaAs/AlGaAs  MQW 
laser  with  an  intracavity  monolithic  electroabsorption  loss 
modulator.  The  physical  phenomena  utilized  are  the 
quantum  confined  Stark  effect  in  the  modulation  section 
and  the  enhanced  carrier- induced  band  shrinkage  effect 
[86]  in  the  optical  amplifier  section.  Optical  pulses  as  nar¬ 
row  as  18.6  ps  full  width  at  half  maximum  (FWHM).  as¬ 
suming  a  Gaussian  waveform,  are  generated. 

Fig.  9(a)  illustrates  the  two-segment  MQW  laser  con¬ 
sisting  of  an  optical  amplifier  section  and  an  electroab¬ 
sorption  loss  modulator  section.  The  device  structure  was 
grown  by  molecular  beam  epitaxy.  The  associated  energy 
band  diagram  is  shown  in  Fig.  9(b).  A  5  ^m  wide  sepa- 
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Fig  10  Intensily  autocorelation  trace  obtained  from  second  harmonic 
generation  widhi  1.5  GHz  modulation  frequency  and  0  V  bias.  The  cur¬ 
rent  injected  into  the  optical  amplifier  section  is  170  mA. 

ration  was  selectively  etched  in  the  p'-GaAs  between  the 
two  segments  for  electrical  isolation.  The  lengths  of  the 
amplifier  section  /,  and  the  modulator  section  li  were  250 
and  SO  /am,  respectively. 

In  the  amplifier  section,  the  carrier-induced  band  shift 
occurs.  This  effect  is  enhanced  in  MQW  lasers  compared 
to  conventional  DH  lasers,  resulting  in  a  decrease  of  the 
lasing  photon  energy  by  about  17  meV  [86]  compared  to 
the  absorption  edge.  Therefore,  with  no  electronic  field, 
the  absorption  loss  is  small  at  the  lasing  photon  energy, 
which  results  in  extremely  large  loss  changes  induced  by 
the  application  of  an  electrical  field  with  the  quantum- 
confined  Stark  effects  to  the  modulation  section. 

Q  switching  was  obtained  by  applying  both  a  dc  bias 
voltage  kft  and  a  microwave  signal  to  the  modulator.  Fig. 
10  shows  an  intensity  autocorrelation  trace  obtained  from 
the  second  harmonic  generation  under  the  condition  of  1 .5 
GHz  modulation  frequency  and  =  0.  The  autocorre¬ 
lation  FWHM  is  26.3  ps,  which  corresponds  to  a  pulse 
full  width  at  half  maximum  At\i2  of  18.6  ps  if  a  Gaussian 
waveform  is  assumed. 

The  efficient  Q  switching  in  the  two-segment  MQW 
laser  results  from  the  following  mechanisms.  In  the  Q- 
switching  regime,  a  large  loss  change  and  a  high  differ¬ 
ential  gain  (the  derivative  of  the  gain  with  respect  to  car¬ 
rier  concentration)  will  lead  to  a  narrow  pulse  width.  In 
this  device,  a  large  loss  change  is  realized  with  the  quan¬ 
tum-confined  Stark  effect  in  the  modulator  section  and  the 
band  shrinkage  effect  in  the  optical  amplifier  section.  On 
the  other  hand,  a  high  differential  gain  is  also  expected  in 
the  quasi-two-dimensional  electronic  system  in  an  MQW 
structure  [10],  (11).  Thus,  by  the  use  of  an  MQW  struc¬ 
ture,  the  two-segment  laser  satisfies  both  requirements  for 
the  generation  of  narrow  optical  pulses. 

The  modulation  frequency  response  (i.e.,  repetition 
rate)  of  the  laser  was  also  measured.  We  observed  the 
fundamental  spectrum  as  well  as  harmonic  spectrum  lines 
in  the  spectrum  analyzer  display.  At  the  present  stage,  the 
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Fig.  II.  (a)  Illustration  of  the  active  layer  with  a  multiquanlum  well  struc¬ 
ture.  a  multiquanlum  wire  structure,  and  a  multiquantum  bos  structure, 
(b)  Density  of  states  of  electrons  in  a  DH  structure,  a  multiquantum  well 
sinicture,  a  muliiquantum  wire  structure,  and  a  multiquanlum  box  struc¬ 
ture. 


maximum  repetition  rate  which  still  leads  to  regular  pulse 
generation  is  S.2  GHz. 

VI.  Quantum  Wire  and  Quantum  Box  Lasers  and 
Their  Experimental  Demonstration 
A.  Concepts  of  Quantum  Wire  Laser  and  Quantum  Box 
Laser 

The  QW  structure  has  proved  to  be  very  promising  for 
application  to  semiconductor  lasers,  which  is  due  mainly 
to  the  two-dimensional  properties  of  the  carriers  [9).  Ar- 
akawa  et  al.  [9]  proposed  the  concept  of  quantum  wire 
lasers  or  quantum  box  lasers  with,  respectively,  a  one¬ 
dimensional  or/and  a  zero-dimensional  electronic  system. 
They  predicted  a  reduction  in  the  temperature  dependence 
of  the  threshold  current  due  to  the  peaked  structure  of  the 
density  of  states.  In  addition,  the  gain  characteristics  [87] 
and  the  dynamic  properties  were  also  investigated  [10]. 
Although  Petroff  tried  to  fabricate  quantum  wire  struc¬ 
tures  [88],  no  satisfactory  quantum  wire  structure  has  been 
fabricated  for  optical  devices  or  electronic  devices  [89]  to 
date.  Another  approach  for  realizing  the  one-  or  two-di¬ 
mensional  effects  experimentally  is  the  use  of  magnetic 
fields  [9],  [90]-[95].  One-dimensional  electronic  systems 
can  be  formed  by  placing  a  conventional  DH  laser  in  a 
high  magnetic  field.  If  we  place  a  quantum  well  laser  in 
a  high  magnetic  field  so  that  the  quantum  well  plane  is 
perpendicular  to  the  field,  a  zero-dimensional  electronic 
system  is  realized.  In  this  section,  we  discuss  the  possible 
properties  obtained  in  quantum  wire  lasers  and  quantum 
box  lasers  theoretically  and  then  demonstrate  these  effects 
in  high  magnetic  field  experiments. 

Fig.  1 1(a)  shows  simple  illustrations  of  the  active  layer 
in  multiquantum  well,  multiquantum  wire,  and  multi¬ 
quantum  box  lasers.  By  making  such  multidimensional 
microstructures,  the  freedom  of  the  carrier  motion  is  re- 
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Fig.  12  The  difTerential  gain  and  a  as  a  function  of  the  conduction  band 
quasi-Fermi  energy  level  in  a  quantum  wire  laser  with  50A  quantum 
dimensions. 

duced  to  one  or  zero.  The  density  of  states  of  electrons  in 
these  structures  is  expressed  as 


for  the  quantum  wire  laser  (24) 
—  2  5(f  —  e/  —  Emf*) 

t,m,k 

for  the  quantum  box  laser  (25) 

where  e„,  and  e*  are  the  quantized  energy  levels  of  a 
quantum  wire  laser  and  a  quantum  box  laser.  As  shown 
in  Fig.  11(b),  the  density  of  states  has  a  more  peaked 
structure  with  the  decrease  of  the  dimensionality.  This 
leads  to  a  change  in  the  gain  profile,  a  reduction  of  thresh¬ 
old  current  density,  and  a  reduction  of  the  temperature 
dependence  of  the  threshold  current.  Furthermore,  im¬ 
provements  of  the  dynamic  properties  are  also  expected. 

The  narrower  gain  profile  due  to  the  peaked  density  of 
states  leads  to  a  high  differential  gain.  One  curve  in  Fig. 
12  shows  the  differential  gain  as  a  function  of  the  Fermi 
energy  level  for  quantum  wire  lasers.  A  comparison  of 
this  figure  to  Fig.  5  reveals  two  important  results.  One  is 
that  a  higher  differential  gain  can  be  obuined  with  the  use 
of  quantum  wire  structures.  The  second  one  is  that  the 
dependence  of  the  differential  gain  on  the  Fermi  energy 
level  is  enhanced  for  quantum  wire  lasers  compared  to 
quantum  well  lasers.  A  higher  differential  gain,  therefore, 
is  obtained  in  a  quantum  wire  laser  with  a  large  number 
of  quantum  wires,  and  the  sensitivity  of  the  differential 
gain  to  the  number  is  more  enhanced  for  quantum  wire 
lasers  compared  to  the  quantum  well  lasers. 

One  curve  in  Fig.  13  shows  the/,  as  a  function  of  the 
dimension  of  the  quantum  wires.  In  this  calculation,  it  is 
assumed  that  the  two  quantum  dimensions  are  equal  and 
that  the  number  of  quantum  wires  is  optimized  for  each 
quantum  dimension.  This  result  indicates  that  /,  is  en¬ 
hanced  by  a  factor  of  3  with  the  use  of  thin  quantum  wires 
compared  to  the  conventional  DH.  The  spectral  properties 
of  the  quantum  wire  laser  are  also  improved.  The  second 
curve  in  Fig.  12  shows  the  dependence  of  a  on  the  Fermi 
energy  level.  As  shown  in  this  figure,  the  dependence  of 
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Fig.  13  The  relaxation  resonance  frequency  and  the  linewidih  in  a  quan¬ 
tum  wire  laser  as  a  function  of  the  wire  thickness  The  number  of  quan¬ 
tum  wells  and  quantum  wires  is  optimized  at  each  quantum  well  thick¬ 
ness. 


a  in  a  quantum  wire  laser  is  not  as  enhanced  and  is  almost 
constant  in  the  whole  range.  The  second  curve  in  Fig.  13 
shows  At'  as  a  function  of  the  thickness  of  the  quantum 
wells.  This  indicates  that  a  is  reduced  with  the  decrease 
of  the  thickness. 

The  a  parameter  of  quantum  box  lasers  should  be  noted. 
If  we  can  ignore  higher  subbands’  effect,  the  density  of 
states  is  a  6  function-like.  Therefore,  the  photon  energy 
with  the  maximum  gain  coincides  with  the  energy  levels, 
which  leads  to  the  disappearance  of  the  detuning  and  the 
real  part  of  the  complex  susceptibility  becomes  zero. 
Consequently,  a  is  expected  to  be  extremely  small  in  a 
quantum  box  laser  with  a  simultaneous  improvement  of 

fr. 


B.  Magnetic  Field  Experiment 
A  quasi-quantum  wire  effect  in  a  semiconductor  laser 
can  be  realized  through  the  use  of  high  magnetic  fields 
[81,  [9],  in  which  case  electrons  can  move  freely  only  in 
the  direction  of  the  magnetic  field.  The  motion  of  such 
electrons  is  quantized  in  the  two  transverse  directions  (x, 
y),  forming  a  series  of  Landau  energy  subbands.  The  den¬ 
sity  of  states  for  the  system  p^(e)  can  be  expressed  as 

,  3'2  ® 


p^e)  =  iflUc) 


2mA 


1 


>/«  -  (y  +  Aw, 


(26) 


where  and  m,  are  the  cyclotron  cc  r  frequency  and 
the  effective  mass  of  electrons.  When  Aw,  is  large  enough 
(i.e.,  the  B  field  is  large  enough),  only  the  first  Landau 
subband  is  occupied,  resulting  in  a  true  one-dimensional 
electronic  system.  In  the  actual  system,  the  carrier  relax¬ 
ation  effect  should  also  be  considered. 

Fig.  14  shows  the  measured  spectral  linewidth  at  190 
K  for  various  magnetic  fields  (B  =  0,  11,  16,  19  tesla)  as 
a  function  of  the  reciprocal  mode  power  1/P  [94] .  A 
GaAlAs  buried  heterostructure  laser  grown  by  liquid  phase 
epitaxy  was  operated  in  a  stationary  magnetic  field  of  up 
to  19  tesla  at  190  K.  The  test  laser  (an  ORTEL  Corpora¬ 
tion  experimental  model)  has  a  0.15  ^m  active  region 
thickness,  3  ;im  stripe  width,  and  was  300  ^im  long.  As 
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Fig.  14  The  measured  spectral  linewidth  as  a  function  of  the  reciprocal 
of  output  power  (in  relative  units)  for  magnetic  fields  of  B  =  0,  1 1.  16. 
and  19  tesla  at  190  K. 


shown  in  the  figure,  the  measured  linewidth  for  each  mag¬ 
netic  field  varies  linearly  with  the  reciprocal  mode  power. 
Such  a  variation  indicates  that  the  linewidth  results  from 
quantum  broadening  (spontaneous  emission).  The  exper¬ 
imental  results  indicate  that  this  power-dependent  line- 
width  is  substantially  reduced  with  the  increase  of  the 
magnetic  field.  At  19  tesla,  the  linewidth  decreases  by  a 
factor  of  0.6  compared  to  the  linewidth  without  a  mag¬ 
netic  field.  This  improvement  of  the  power-dependent 
linewidth  is  believed  to  be  due  mainly  to  quantum  wire 
effects  through  the  formation  of  a  quasi-one-dimensional 
electronic  system  as  discussed  above. 

One  important  difference  between  “true”  quantum  wire 
structures  and  the  quasi-quantum  wires  due  to  magnetic 
fields  is  that  the  optical  confinement  factor  for  true  quan¬ 
tum  wire  structures  can  be  controlled  by  varying  the  num¬ 
ber  of  quantum  wires.  Theoretical  predictions  indicate  that 
a  higher  Fermi  energy  level  for  laser  oscillation  leads  to 
lower  a  and  [7],  Therefore,  in  the  true  quantum  wire 
case,  it  should  be  possible  to  decrease  n,p  and  a  by  re¬ 
ducing  the  number  of  quantum  wires  while  maintaining 
the  one-dimensional  electronic  properties.  This  would  al¬ 
low  one  to  reap  the  benefits  of  quantum  wires  in  terms  of 
smaller  a's  without  paying  a  penalty  in  n,p.  The  overall 
reduction  of  linewidth  Ar  would  then  be  much  larger  than 
demonstrated  here. 

fr  was  also  measured  at  room  temperature  [93].  Fig.  15 
shows  the  measured  /,  with  and  without  a  magnetic  field 
of  20  tesla  as  a  function  of  the  square  root  of  the  output 
power  Pq.  Open  circles  (B  =  0)  and  closed  circle  (B  = 
20  tesla)  indicate  the  measured  /..  The  straight  lines  in 
the  figure  are  drawn  by  the  least  square  error  method. 
Since,  as  shown  in  ( 16),/^  is  proportional  to  •/Po,fr  should 
lie  on  a  straight  line.  The  variation  of  the  slope  of  this 
line  will  mainly  reflect  the  change  in  differential  gain  g' 
which  has  resulted  from  the  applications  of  the  magnetic 
field.  We  notice  that /,  with  B  =  20  tesla  is  enhanced  1.4 
times  compared  to  /.  with  B  =  0.  From  this  change,  we 
can  estimate  that  g'  (B  =  20  tesla)  is  1 .9  times  larger  than 
g'  {B  =  0). 

Quantum  box  effects  (i.e.,  full  quantization)  were  also 
investigated  by  Arakawa  et  al.  [95]  by  placing  a  GaAs/ 


Fig.  15  The  measured  relaxation  resonance  frequency  as  a  funcinm  of  ihe 
square  root  of  output  power  (in  relative  units)  for  magnetic  fields  of  B 
=  0.  20  tesla  at  room  temperature 


Fig.  16.  (a)  Electron  motions  confined  by  the  quantum  well  potential  as 
well  as  Lorentzian  force,  being  in  zero-dimensional  electronic  states,  ib) 
Experimental  results  of  the  wavelength  shift  of  the  spontaneous  emission 
spectrum  as  a  function  of  the  pulsed  magnetic  field  up  to  30  tesla. 


GaAlAs  quantum  well  laser  in  a  high  magnetic  field.  If  a 
magnetic  field  is  applied  perpendicular  to  the  quantum 
well  plane  as  shown  in  Fig.  16(a),  electrons  are  confined 
by  the  quantum  well  potential  as  well  as  the  Lorentzian 
force,  being  in  zero-dimensional  electronic  states.  In  this 
case,  the  density  of  states  is  described  by  the  following 
formula: 

PA)  -  (ti-pdfe)  £  2  i: 

\  *=0;  =  /.h  n=  I 

•  -  el  -  (^  +  ^)  (27) 

The  evidence  of  the  formation  of  the  full  quantized  effects 
was  obtained  by  measuring  anistropic  properties  of  the 
spectral  shift  with  the  increase  of  the  magnetic  field.  If  a 
magnetic  field  is  applied  parallel  to  the  QW  plane,  the 
cyclotron  motion  is  interrupted  by  the  QW  potentials. 
Therefore,  as  long  as  the  magnetic  field  is  not  extremely 
strong,  the  spectral  peak  shift  is  suppressed.  On  the  other 
hand,  with  the  perpendicular  magnetic  field,  the  spectral 
peak  shift  occurs  towards  a  shorter  wavelength  through 
the  increase  of  the  Landau  energy  level.  Fig.  16(b)  is  the 
experimental  results  of  the  wavelength  shift  of  the  spon- 
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taneous  emission  spectrum  as  a.  function  of  the  pulsed 
magnetic  field  up  to  30  tesla.  The  results  clearly  indicate 
the  anisotropic  properties,  which  is  the  evidence  of  the 
formation  of  the  zero-dimensional  electron  states. 

VII.  Conclusions 

We  have  discussed  a  number  of  interesting  theoretical 
and  experimental  results  of  quantum  well  lasers  with  em¬ 
phasis  on  the  basic  physical  phenomena  involved  in  the 
gain,  the  spectral  fields,  and  the  modulation  response.  The 
results  reveal  that  an  optimized  use  of  the  quantum  well 
structure  can  lead  to  substantial  improvement  in  most  of 
the  important  properties  of  these  devices. 
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Our  recent  studies  of  the  dynamic  and  spectral  properties  of  semiconductor  lasers  with 
quantum-well  or  quantum-wire  structures  are  described.  We  have  predicted  a  two-fold  increase  in 
the  modulation  comer  frequency  of  a  multiquantum-well  laser  as  compared  to  the  conventional 
laser;  a  threefold  increase  in  this  quantity  is  predicted  for  the  multiquantum-wire  laser.  Improve¬ 
ment  of  the  spectral  linewidth  in  the  single  quantum-well  and  single  quantum-wire  cases  is  also 
predicted.  Enhancement  of  the  modulation  comer  frequency  in  a  quantum-wire  laser  is  experimen¬ 
tally  demonstrated  by  operation  of  a  conventional  laser  in  magnetic  fields  up  to  20  Tesla.  A  comer 
frequency  enhancement  of  1.5  x  has  been  observed. 


1.  Introduction 

An  understanding  of  the  modulation  and  noise  properties  of  semiconductor 
lasers  is  of  fundamental  importance  in  certain  applications  of  these  devices.  At 
the  present  time  these  properties  are  fairly  well  understood  in  conventional 
double  heterostructure  semiconductor  lasers.  Although  quantum-well  lasers 
have  proven  to  be  attractive  light  sources  because  of  their  low  threshold-cur¬ 
rent  density  [1],  little  effort  has  been  directed  towards  understanding  how  the 
dynamic  and  noise  properties  of  these  devices  differ  from  the  conventional 
case.  The  quantum-wire  laser  is  even  less  studied  owing  to  difficulties  in 
fabrication  of  such  a  device.  Two  important  quantities  which  in  part  char¬ 
acterize  modulation  dynamics  and  noise  in  a  semiconductor  laser  are  the 
relaxation  oscillation  comer  frequency,  /„  which  sets  the  useful  direct  modula¬ 
tion  bandwidth  of  the  device,  and  the  field  spectrum  linewidth,  Av,  which  gives 
a  direct  measure  of  the  phase  noise  in  the  light  output  for  single-mode 
operation.  In  this  paper  we  describe  our  recent  theoretical  and  experimental 
results  concerning  these  quantities  in  semiconductor  lasers  having  quantum-well 
and  quantum-wire  effects. 

•  On  leave  from  the  University  of  Tokyo.  Tokyo.  Japan. 
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2.  Direct  modulation  bandwidth  in  quantum-weil  and  quantum-wire  lasers 


The  relaxation  oscillation  comer  frequency,  gives  the  useful  direct 
modulation  bandwidth  of  a  semiconductor  laser.  Small-signal  analysis  of  the 
rate  equations  yields  the  following  expression  for  this  quantity  [2] 


1  /g-(£„n)/>o\ 

2^1  Tp  I 


(1) 


where  Pq  is  the  steady-state  photon  density  in  the  cavity,  Xp  is  the  photon 
lifetime,  g'(E,  n)  is  the  differential  gain  (i.e.,  g'(£,  n)  =  ^g{E,  n)/dn),  and 
£[  is  the  photon  energy  at  which  laser  oscillation  occurs.  Eq.  (1)  suggests 
several  ways  to  improve  /,;  larger  n),  smaller  Xp,  and  larger  Pq.  The 

reduction  of  Xp  and  the  increase  of  P^  are  realized  with  the  use  of  short  cavity 
lasers  [2]  and  window-type  lasers  [3],  To  increase  g'(Ei,  n)  operation  at  low 
temperatures  [4]  and  the  use  of  coupled  cavity  lasers  [5,6]  have  been  studied. 

The  basic  quantum-mechanical  expression  for  g'( E,  n)  suggests  yet  another 
way  to  increase  g'(E,  n):  changing  the  electron  density  of  states  with  the  use 
of  quantum-well  or  quantum-wire  stmctures  [7,8].  Since  the  gain  g(E.  n)  is 
proportional  to  the  imaginary  part,  Xi(^*  of  the  complex  susceptibility 
function  «)  =  Xr(^.  +  g'(E>  «)  can  be  expressed  by  the 

following  equation: 

=  /Pred(£-0  (/c-/v)  Xi(0  dej.  (2) 


where  Xife)  is  the  imaginary  part  of  the  susceptibility  contributed  by  an 
electron-hole  pair  with  energy  difference  c,  Pred(«)  is  the  reduced  density-of- 
states  function,  u  is  the  lasing  frequency,  is  the  non-resonant  contribution 
to  the  refractive  index,  and  (/v)  is  the  Fermi- Dirac  function  giving  the 
occupancy  of  a  state  in  the  conduction  (valence)  band.  It  is  easily  seen  from 
this  equation  that  the  density  of  states  plays  an  important  role  in  determining 
the  properties  of  g\E,  n). 

The  electronic  density-of-states  functions  for  electrons  in  quantum-well  and 
quantum-wire  structures  are  given  by  [7] 

for  the  quantum  well  laser ,  ( 3 ) 

7tA  I 


for  the  quantum  wire  laser. 


(4) 


where  is  the  electron  effective  mass,  h  is  Planck’s  constant,  //[x]  is  the 
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Fig.  1.  The  differential  gain  as  a  function  of  the  conduction-band  quasi-Fermi  energy  level  in  a 
conventional  double  heterostructure  laser,  a  50  A  well  thickness  quantum-well  laser,  and  a  50 
A  X  50  A  quantum-wire  laser. 


Heaviside  function  {H[x\  =  0  for  x  <  0,  H[x]  =  1  for  x  >  0),  c,  and  t,  „  are 
the  subband  edge  energies  for  an  electron  in  a  quantum  well  and  a  quantum 
wire  (or  wells  and  wires  as  the  case  may  be).  In  these  structures  the  density-of- 
states  functions  have  stepped  and  peaked  behaviors.  This  effectively  narrows 
the  gain  spectrum  as  compared  to  the  bulk  thereby  increasing  g'{E,  n). 

Fig.  1  shows  the  calculated  differential  gain  g'(£|,  nfEp))  for  th®  conven¬ 
tional  double  heterostructure  (DH)  laser,  the  quantum-well  laser,  and  the 
quantum-wire  laser  as  a  function  of  the  conduction  band  quasi-Fermi  energy 
level.  Ef.  (meusured  from  the  lowest  subband  energy  level).  The  quantum 
dimensions  (e.g.,  thickness  of  the  quantum-well  structures)  are  all  equal  to 
L  =  50  A.  The  quasi-Fermi  energy  level  for  the  holes  is  determined  by  the 
charge  neutrality  condition.  The  result  predicts  an  enhancement  of  g'  for  the 
quantum-well  active  layer.  Further  improvement  is  predicted  with  the  quan¬ 
tum-wire  active  layer.  Note  that  since  g'(£,,n)  is  a  bulk  parameter,  it  is 
independent  of  the  number  of  quantum  wells  and  quantum  wires. 

Fig.  1  also  shows  that  g'(E,,  n(Ef))  depends  strongly  on  Ep  (i.e.  necessary 
excitation  for  laser  oscillation),  particularly  for  the  quantum-well  and  quan¬ 
tum-wire  cases  [8].  This  Fermi  energy  dependence  of  g'i^u  '>)  means  there  is 
an  optimum  number,  JV,  of  quantum  wires  in  a  laser  structure  which  causes 
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Fig.  2.  The  relaxation  resonance  frequency  in  a  quantum-well  laser  and  a  quantum-wire  laser  as  a 
function  of  the  well  thickness.  The  number  of  quantum  wells  and  quantum  wires  is  optimized  at 
each  quantum-well  thickness. 


greatest  enhancement  of  /,.  To  see  this  consider  the  threshold  condition  for 
lasing  in  such  structures, 

r(iV)g(£„n(£p))  =  a.,^,  (5) 

where  r(N)  is  the  optical  confinement  factor  which  is  a  monotonically 
increasing  function  of  N  and  is  the  total  loss.  For  simplicity,  we  ignore 
the  dependence  of  on  the  structure.  Since  the  gain  is  a  monotonically 
increasing  function  of  Ep,  the  required  £p  for  laser  oscillation  decreases 
monotonically  with  the  increase  of  N.  Consequently,  there  exits  an  optimum  N 
for  realizing  £^,  defined  to  yield  the  maximum  g'(£],  n).  It  is  easily  shown 
that  the  lasing  threshold  £p  for  TV  =  1  is  much  larger  than  £p  Therefore  the 
largest  g'  values  and  fastest  modulation  speeds  are  achieved  for  the  multi- 
quantum-well  and  multiquantum-wire  cases  (TV  ^  2). 

Fig.  2  shows  the  calculated  /,  as  a  function  of  L  (the  quantum-well  and 
quantum-wire  width).  At  each  L  the  number  of  wells  or  wires  is  optimized  and 
/r  is  normalized  by  the  /,  of  a  conventional  DH  laser.  The  results  suggest  that 
by  optimizing  TV,  /.  can  be  enhanced  by  2  x  in  thin  quantum-well  lasers  and 
by  3  X  in  thin  quantum-wire  lasers. 

The  experimental  demonstration  of  the  quantum-wire  effect  on  the  dynamic 
properties  can  be  realized  by  using  a  high  magnetic  field  [7,9].  When  a 
semiconductor  laser  is  immersed  in  a  high  magnetic  field,  electrons  move  freely 
only  along  the  flux  lines.  The  motion  of  such  electrons  is  quantized  in  the  two 
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SQUARE  ROOT  OF  OUTPUT  POWER 
(ARBITRARY  UNITS) 


Fig.  3.  The  measured  modulation  comer  frequencies  with  and  without  magnetic  field  as  a  function 
of  the  square  root  of  the  output  power. 


transverse  directions  and  forms  a  series  of  Landau  energy  levels.  With  a 
sufficiently  intense  field,  the  electrons  behave  as  a  quasi-one-dimensional  gas. 
Note  that  if  we  place  a  quantum-well  laser  in  a  high  magnetic  field,  quantum 
box  effects  can  be  realized  (i.e.  confinement  in  all  three  spatial  dimensions). 

We  have  operated  LPE-grown  GaAlAs  buried  heterostructure  lasers  in 
stationary  magnetic-fields  up  to  20  Tesla  at  room  temperature.  The  measured 
modulation  comer  frequency  with  and  without  a  magnetic  field  is  shown  in  fig. 
3  as  a  function  of  the  square  root  of  the  output  power  Pq.  Open  circles  (5  =  0) 
and  closed  circle  (5  =  20  Tesla)  indicate  the  measured  f^.  The  straight  lines  in 
the  figures  are  drawn  by  the  least-square-error  method.  Since,  as  shown  in  eq. 
(1),  the  resonant  frequency  is  proportional  to  5'^^,  the  should  lie  on  a 
straight  line.  The  variation  of  the  slope  of  these  lines  will  mainly  reflect  the 
change  in  the  differential  gain  g'(£|,  n)  which  has  resulted  from  the  applica¬ 
tion  of  the  magnetic  field.  We  notice  that  the  with  5  =  20  Tesla  is  enhanced 
by  1.5  X  compared  to  the  /,  with  5  =  0.  From  this  change  we  can  estimate 
that  g'(£i.  5  =  20  Tesla)  is  1.9  times  larger  than  g'(£|,  n,  B  =  0). 


3.  Spectral  noise  properties  in  quantum-well  and  quantum-wire  lasers 

Recently  the  spectral  linewidth  of  single-mode  semiconductor  lasers  has 
received  considerable  attention  [11-14J.  This  quantity  gives  a  direct  measure  of 
the  phase  noise  present  in  the  output  of  a  semiconductor  laser  and  is  therefore 
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an  important  consideration  in  the  application  of  these  devices  to  coherent 
communication  systems.  The  spectral  linewidth  Iv  can  be  expressed  by  [14] 
v^hp(rg)R^n,p 


Ap  = 


a  = 


%tTP 

9Xr(£'i-'^)/9« 


(l+a-). 


(6) 

(7) 


hv.r.  g,  n^p.  and  P  are  the  mirror  loss,  the  group  velocity  of  light,  the 
photon  energy,  the  optical  confinement  factor,  the  bulk  gain  at  threshold,  the 
spontaneous  emission  factor,  and  the  laser  output  power,  respectively.  Expres¬ 
sion  (6)  differs  from  the  well-known  Schawlow-Townes  linewidth  formula 
through  a  linewidth  enhancement  factor  involving  the  quantity  a.  a  reflects  a 
strong  amplitude-phase  coupling  of  the  lasing  field  in  a  semiconductor  laser 
resulting  from  the  highly  detuned  optical  gain  spectrum.  This  coupling  causes  a 
phase  noise  (linewidth)  enhancement  which  was  only  observed  recently  [11]. 
This  formula  indicates  that  Ap  depends  on  the  electronic  density  of  states 
Pred(0  through  a  and  n,p. 

The  denominator  of  eq.  (7)  is  proportional  to  g'(£,,  n).  Therefore,  from  the 
results  of  the  previous  section,  an  increase  of  the  denominator  can  be  expected 
with  the  use  of  quantum-well  and  quantum-wire  structures.  The  numerator  in 
(7).  however,  is  also  enhanced  in  the  quantum-well  and  quantum-wire  struc¬ 
tures.  Therefore  it  is  difficult  to  predict  the  behavior  of  a  in  these  structures 


a 


Fig.  4.  The  linewidth  enhancement  factor  a  as  a  function  of  the  conduction-band  quasi-Fermi 
energy  level  in  a  conventional  double  heterostructure  laser,  a  50  A  well  thickness  quantum-well 
laser,  and  a  50  A  x  50  A  quantum-wire  laser. 


y.  Arakawa  et  al.  /  Dynamic  and  spectral  properties  of  semiconductor  lasers 


161 


Fig.  5.  The  spectral  linewidth  in  a  quantum-well  laser  and  a  quantum-wire  laser  as  a  function  of 
the  well  thickness.  The  number  of  quantum  wells  and  quantum  wires  is  optimized  at  each  quantum 
well  thickness. 


without  numerical  calculation.  Fig.  4  gives  a  calculation  of  a  as  a  function  of 
Ef  for  conventional  DH  lasers,  quantum-well  lasers,  and  quantum-wire  lasers. 
In  this  figure,  the  quantum  dimensions  are  all  equal  to  L  =  50  A.  The  results 
indicate  first,  that  a  depends  strongly  on  fp  (or  equivalently  the  optical  gain 
required  for  laser  oscillation),  its  magnitude  decreasing  for  larger  E^.  (This 
result  has  been  observed  experimentally  for  conventional  DH  lasers  [15].) 
Second,  this  reduction  of  |  a  |  with  increasing  excitation  is  larger  in  quantum- 
well  and  quantum-wire  lasers. 

The  linewidth  Av  also  contains  the  spontaneous  emission  factor,  /i^p,  which 
decreases  monotonically  with  the  increase  of  E^  and  converges  to  1.  Therefore, 
for  a  fixed  loss  (i.e.  Eg  constant),  it  is  advantageous  to  operate  with  a  high  £p 
to  attain  reductions  in  Av.  With  regards  to  well-  or  wire-number  selection,  this 
means  that,  in  contrast  to  f^,  single  quantum-well  and  quantum-wire  active 
layers  are  the  optimum  choice  for  phase  noise  reduction.  Fig.  5  gives  as  a 
function  of  L  with  N  =\.  This  result  shows  that  a  thin  quantum  well  and  a 
thin  quantum  wire  are  effective  for  reducing  Av.  The  demonstration  of  the 
quantum-wire  effect  for  improving  phase  noise  properties  has  also  been  done 
using  a  high  magnetic  field  and  is  described  elsewhere. 


4.  Conclusion 

The  spectral  and  dvnamic  properties  of  quantum-well  and  quantum-wire 
lasers  have  been  investigated  and  compared  with  these  properties  in  conven- 
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tional  DH  lasers.  Calculations  and  preliminary  experimental  results  indicate 
that  these  structures  may  exhibit  superior  dynamic  and  spectral  performance  if 
designed  properly.  More  detailed  experimental  results  are  described  elsewhere. 


Acknowledgements 

We  express  our  thanks  to  Dr.  Kam  Lau  for  fruitful  discussions  and 
supplying  lasers.  This  work  was  supported  by  the  Air  Force  Office  of  Scientific 
Research,  the  Office  of  Naval  Research,  I.T.T.  Corporation,  and  the  Japanese 
Society  for  the  Promotion  of  Science.  Part  of  this  work  was  performed  at  the 
Francis  Bitter  National  Magnet  Laboratory  at  M.I.T. 


References 

[1]  W.T.  Tsang,  Appl.  Phys.  Letters  39  (1981)  134. 

[2]  K.Y.  Lau,  N.  Bar  Chaim,  1.  Ury,  C.  Harder  and  A.  Yariv.  Appl.  Phys.  Letters  43  (1983)  1. 

[3]  K..Y.  Lau,  N.  Bar-Chaim,  1.  Ury  and  A.  Yariv,  Appl.  Phys.  Letters  45  (1984)  345. 

[4]  K.Y.  Lau  and  A.  Yariv,  IEEE  J.  Quantum  Electron.  QE-21  (1985)  106. 

[5]  K.  Vahala  and  A.  Yariv.  Appl.  Phys.  Letters  45  (1984)  501. 

[6]  K.  Vahala.  J.  Paslaski  and  A.  Yariv,  Appl.  Phys.  Letters  44  (1985)  1025. 

[7]  Y.  Arakawa  and  H.  Sakaki,  Appl.  Phys.  Letters  40  (1982)  490. 

[8]  Y.  Arakawa.  K.  Vahala  and  A.  Yariv,  Appl.  Phys.  Letters  45  (1984)  950. 

[9]  Y.  Arakawa.  K.  Vahala,  A.  Yariv  and  K.  Lau,  Appl.  Phys.  Letters  (1985),  in  press. 

[10]  Y.  Arakawa  and  A.  Yariv,  IEEE  J.  Quantum  Electron.  QE-21  (1985),  in  press. 

[11]  M.W.  Fleming  and  A.  Mooradian,  Appl.  Phys.  Letters  38  (1981)  511. 

(121  C.H.  Henry.  IEEE  J.  Quantum  Hectron.  QE-18  (1982)  259. 

[13]  K.  Vahala  and  A.  Yariv,  IEEE  J.  Quantum  Electron.  QE-19  (1983)  10%. 

[14]  K.  Vahala  and  A.  Yariv,  IEEE  J.  Quantum  Electron.  QE-19  (1983)  1102. 

(151  Y.  Arakawa  and  A.  Yariv,  Appl.  Phys.  Letters  (1985),  in  press. 


■Unclassified 


ECURlTY  CLASSIFICATION  OE  THIS  PA 


U.  REPORT  SECURITY  CLASSIFICATION 

Unclassified 


2m.  security  classification  authority 


2b.  declassification /OOWNGRAOING  SCHEDULE 


4.  PERFORMING  ORGANIZATION  REPORT  NUMBER(S) 

N00014-K-0211 


REPORT  DOCUMENTATION  PAGE 


lb  RESTRICTIVE  MARKINGS 


Form  Approved 
0MB  No  0704-01 B8 


&l.  NAME  OF  performing  ORGANIZATION 
California  Institute  of 
Technology 


6c  ADDRESS  (Oty.  Stttt,  end  ZIP  Code) 
Pasadena,  California  91125 


84.  NAME  OF  FUNDING /SPONSORING 
ORGANIZATION 

Office  of  Naval  Research 


8c  ADDRESS  (C/iy,  iute.  end  ZIP  Code) 

800  N.  Quincy  Street 
Arlington,  VA  22217 


6b.  OFFICE  SYMBOL 
\d  eppliCMble) 


8b  OFFICE  SYMBOL 
(If  MppliCMble) 


3.  DISTRIBUTION /AVAI ABILITY  OF  REPORT 

Approved  for  public  release;  distribution 
unlimited. 


S.  MONITORING  ORGANIZATION  REPORT  NUMB£R(S) 

696-002 


74.  NAME  OF  MONITORING  ORGANIZATION 

Office  of  Naval  Research 


7b.  ADDRESS  (Oty,  Sttte.  end  ZIP  Code) 

565  S.  Wilson 

Pasadena,  California  91106-3212 


9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 

POOOOl 


10  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 
ELEMENT  NO. 


PROJEa 

NO. 


WORK  UNIT 
ACCESSION  NO 


11.  title  (Include  Security  ClitsificMtion) 

Theory  of  Gain,  Modulation  Response  and  Spectral  Linewidth  in  AlGaAs  Quantum  Well  Lasers 


L2.  PERSONAL  AUTHOR(S) 

Y.  Arakawa  and  A.  Yariv 


134.  TYPE  OF  REPORT 

Reprint 


13b.  TIME  COVERED 
FROM _ TO 


14.  DATE  OF  REPORT  (Yeer.  Month,  Dey)  |15  PAGE  COUNT 

1985  October  I  9 


16.  supplementary  NOTATION  The  View,  opinions  and/or  findings  contained  in  this  report  are  those 
of  the  author(s)  and  should  not  be  construed  as  an  official  Department  of  the  Navy  position, 
policy,  or  decision  unless  so  designated  by  other  documentation. 


18  Subject  terms  (Continw*  on  reverie  if  necesury  end  identify  by  block  number) 

Quantum  Well  Lasers 


17. 

COSATl  CODES  1 

FIELD 

GROUP 

SUB-GROUP 

19.  ABSTRACT  (Continue  on  revene  if  necesury  end  identify  by  block  number) 

We  investigate  theoretically  a  number  of  important  issues  related  to  the  performance  of 
AlGaAs  quantum  well  (QW)  semiconductor  lasers.  These  include  a  basic  derivation  of  the 
laser  gain,  the  linewidth  enhancement  factor  a,  the  the  differential  gain  constant  in  single 
and  multiple  QW  structures.  The  results  reveal  the  existence  of  gain  saturation  with 
current  in  structures  with  a  small  number  of  wells.  They  also  point  to  a  possible  two-fold 
increase  in  modulation  bandwidth  and  a  ten-fold  decrease  in  the  spectral  laser  linewidth 
in  a  thin  QW  laser  compared  to  a  conventional  double  heterostructure  laser. 


20  DISTRIBUTION /AVAI  ABILITY  OF  ABSTRACT 

□  UNCLASSIFIEO/UNLIMITED  □  SAME  AS  RPT  □  OTlC  USERS 


224  NAME  OF  RESPONSIBLE  INDIVIDUAL 


21  ABSTRACT  SECURITY  CLASSIFICATION 


22b  telephone  (/nc/ude  Arej  Cod*;  22c  OFFICE  SYMBOL 


DO  Form  1473,  JUN  86 


Previous  editions  »re  obsolete. 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 


1060 


IEEE  JOLRNAL  OF  gLANTEM  ELECTRONICS,  VOL  QE  :i.  NO  I"  OCTOBER  l'JK< 


Theory  of  Gain,  Modulation  Response,  and  Spectral 
Linewidth  in  AlGaAs  Quantum  Well  Lasers 

YASUHIKO  ARAKAWA.  member,  ieee.  and  AMNON  YARIV.  fellow,  ieee 


Abstract— We  investigate  theoretkallv  a  number  of  important  issues 
related  to  the  performance  of  AlGaAs  quantum  well  (QW)  semicon¬ 
ductor  lasers.  These  include  a  bask  derivation  of  the  laser  gain,  the 
linewidth  enhancement  factor  a.  and  the  differential  gain  constant  in 
single  and  multiple  QW  structures.  The  results  reveal  the  existence  of 
gain  saturation  with  current  in  structures  with  a  small  number  of  wells. 
They  also  point  to  a  possible  two-fold  increase  in  modulation  bandwidth 
and  a  ten-fold  decrease  in  the  spectral  laser  linewidth  in  a  thin  QW 
laser  compared  to  a  conventional  double  heterostructure  laser. 

I.  Introduction 

HE  application  of  semiconductor  lasers  for  optical 
communication  requires  low-noise  characteristics  and 
high-frequency  dynamic  performance.  These  properties 
have  received  considerable  attention  in  conventional  dou¬ 
ble  heterostructure  (DH)  lasers  [1]-[51.  Recently  the  de¬ 
tuned  loading  by  the  use  of  coupled-cavity  DH  lasers  was 
proposed  for  improving  these  properties  [6].  In  this  struc¬ 
ture.  the  differential  gain  g'  and  the  linewidth  enhance¬ 
ment  factor  a  which  determine,  respectively,  the  dynamic 
performance  and  noise  characteristics,  are  varied  by  de¬ 
tuning  the  lasing  frequency  away  from  the  loss  peak.  The 
basic  quantum  mechanical  expressions  for  g'  and  a  sug¬ 
gest  yet  another  way  to  improve  a  and  g'  through  changes 
in  the  density  of  states  which  occur  in  quantum  well  (QW) 
structures.  Although  QW  lasers  have  proven  to  be  attrac¬ 
tive  light  sources  because  of  their  low  threshold  current 
densities  and  the  low  temperature  sensitivity  of  the  thresh¬ 
old  current  [7]-[ll],  little  effort  has  been  directed  towards 
measurement  or  calculation  of  these  noise  characteristics 
and  high-modulation  performance  [12]-[14]. 

In  this  paper,  we  investigate  theoretically  the  effects  of' 
QW  structure  parameters  such  as  the  number  and  the 
thickness  of  QW’s  on  the  dynamic  response  and  quantum 
noise,  and  consider  the  optimum  QW  structure  for  real¬ 
izing  low-noise  characteristics  and/or  high-dynamic  per¬ 
formance.  In  the  analysis,  we  also  consider  the  important 
issue  of  the  use  of  multiquantum  well  structures  in  order 
to  avoid  the  phenomenon  of  gain  saturation  with  current, 
as  well  as  for  improving  he  noise  and  dynamic  perfor¬ 
mance.  The  effect  of  the  structural  parameters  such  as  the 
thickness  and  the  number  of  QW's  on  the  threshold  cur- 
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rent  have  been  considered  before  [15],  [16],  although  the 
gain  saturation  effect  was  not  explicitly  treated.  In  Section 
III  the  fundamental  properties  of  differential  gain  are  dis¬ 
cussed,  and  then  the  effects  of  QW  structure  parameter  on 
the  laser  dynamics  are  investigated.  In  Section  IV.  the 
linewidth  enhancement  factor  a  and  the  spontaneous 
emission  factor  are  studied  and  the  attainable  reduction  of 
the  linewidth  by  the  use  of  the  optimum  QW  structures  is 
considered.  The  results  indicate  that  the  modulation  band¬ 
width  (relaxation  resonance  frequency)  is  enhanced  by  a 
factor  of  -  2  in  the  multiquantum  well  (MQW)  laser  and 
the  laser  linewidth  (FM  noise)  is  found  to  be  significantly 
suppressed,  by  -ro,  in  a  single  thin  QW  (SQW)  laser 
compared  to  a  conventional  double  heterostructure  laser. 
In  order  to  clarify  achievable  limits  of  these  propenies  with 
quantum  well  effects,  we  will  consider  AlGaAs  quantum 
well  lasers  which  are  almost  free  from  nonradiative  pro¬ 
cesses.  such  as  the  Auger  recombination  at  room  temper¬ 
ature. 

II.  Linear  Gain  and  Threshold  Current 
A.  Density  of  States 

In  the  QW  structures  [7].  a  series  of  energy  levels  and 
associated  subbands  are  formed  owing  to  the  quantization 
of  electrons  in  the  direction  of  the  quantum  well  thickness. 
The  density  of  states  (per  unit  energy  per  unit  area)  of 
such  confined  electrons  in  the  nth  subband  is  given  by 

PcSE)  =  -  tj  (1) 

where  H{x),  h.  L,,  and  6^,  are  the  Heaviside  function, 
the  effective  mass  of  electrons,  Planck’s  constant  {h)  di¬ 
vided  by  2'ir,  the  QW  thickness,  and  the  quantized  level  of 
electrons  in  the  nth  subband  of  the  QW  structures,  re¬ 
spectively.  When  the  barrier  height  is  sufficiently  big  and 
the  barrier  thickness  is  sufficiently  large,  e,,  is  equal  to 
(n-xh)^l(2m^L\).  On  the  other  hand,  if  the  barrier  is  thin 
or  its  barrier  height  is  small  so  that  coupling  between  ad¬ 
jacent  wells  exists,  the  degeneracy  of  the  individual  well 
quantized  energy  levels  dissappears  and  each  single-well 
level  splits  into  N  different  energy  levels.  In  order  to  sim¬ 
plify  the  discussion  in  this  paper,  we  will  consider  the  weak 
coupling  limit  of  QW  structures  in  which  energy  broaden¬ 
ing  due  to  coupling  is  sufficiently  small  compared  to  the 
energy  broadening  (usually  more  than  5  meV)  due  to  in- 
traband  relaxation  time. 
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B.  Linear  Gain  and  Threshold  Current 
When  the  recombination  is  dominated  by  band-to-band 
radiative  process,  the  linear  bulk  gain  derived  under 
fc-selection  rule  is  given  by 


A(e) 


3D 

s  s 


)  =  h  I  n  =  ] 


i-: 


(fAEJ 


ihlT,„) 

{E  -  ()-  +  {h/T,„)- 


de. 


(2) 


The  bulk  gain  is  the  gain  exercised  oy  an  electromagnetic 
field  if  it  were  completely  confined  to  the  quantum  well. 
£  is  the  photon  energy,  j  designates  either  light  holes  (1) 
or  heavy  holes  (h).  p-'^^  is  the  reduced  density  of  states 
which  is  defined  by  =  ((p,,)''  +  (p'ij~')‘'.  Pi,  is 
the  density  of  states  of  light  holes  (7  =  1)  or  heavy  holes 
(J  =  h).fAfi)  is  the  Fermi-Dirac  distribution  function  for 
electrons  (holes)  in  the  conduction  band  (the  valence  band) 
with  the  Fermi-energy  6^ (£fj,  t,„  is  the  intraband  relax¬ 
ation  time.  £;.,  and  £{.,  are  equal  to  (rM,.£{.,  -t- 
m{£  +  -t-  m{.),  and  -  m^E  +■  m{.e^.J/ 

+  m{.).  respectively,  where  m{.  and  t{.„  are  the  effective 
mass  and  the  energy  level  of  the  nth  subband  of  heavy 
holes  (7  =  h)  or  light  holes  (7  =  1).  /1(e)  is  the  coefficient 
related  to  the  square  of  the  dipole  matrix  element  |A/|ave 
as  given  by 

/1(e)  =  |A/|L  (3) 


where  n,  is  the  refractive  index  of  GaAs,  e  is  the  electron 
charge,  mo  is  the  mass  of  electrons,  c  is  the  light  velocity. 

is  the  band-gap,  and  h  is  the  Planck’s  constant.  In 
quantum  well  structures,  the  gain  depends  on  the  polari¬ 
zation  of  the  light.  The  dipole  matrix  element  which 
is  different  from  that  of  the  double  heterostructure  was 
discussed  by  Asada  et  al.  [16].  For  instance  the  dipole 
matrix  element  for  TE  mode  due  to  an  electron-heavy  hole 
transition  is  given  by 

\M\lll  =  \Mo\l,  (1  +  £/(€„  -  e*J)  (4) 

where  |Afo|^ve  is  the  square  of  the  dipole  matrix  with  the 
conventional  double  heterostructure  lasers  and  is  approx¬ 
imately  equal  to  1.33  m^Eg.  The  quasi-Fermi  energy  e^^ 
and  are  determined  by  both  the  charge  neutrality  con¬ 
dition  and  the  condition  that  the  modal  gain 
gmod(E)  =  rg(E)  at  the  photon  energy  £,  for  laser  oscil¬ 
lation  is  equal  to  the  total  losses  as  follows; 


gmciii^Et)  Fg  (£'/) 


=  -I-  (1  -  n  a„  -t-  £"'  In  (l/R)  (5) 

where  a^,.  R.  and  L  are  the  loss  in  the  active  re¬ 
gion,  the  loss  in  the  cladding  layer,  the  reflectivity,  and 
the  cavity  length.  The  optical  confinement  factor  f  de¬ 
pends  on  the  structure  strongly.  In  this  paper,  we  as¬ 
sume  a  multiquantum  well  (MQW)  structure  composed  of 
thin  GaAs  well  layers.  Gao75Alo25As  barrier  layers,  and 
Gao75Alo23As  waveguide  layers.  The  dimension  of  the 


CURRENT  DENSITY  (A/cm^) 

Fig.  I.  The  modal  gain  (  =  r,)  as  a  function  of  the  injected  current 
density  J  with  the  various  number  of  quantum  wells  N.  In  this  case,  the 
quantum  welt  thickness  L.  is  assumed  to  be  100  A  . 


waveguide  layers  is  determined  so  that  the  total  thickness, 
including  QW  wells,  barrier  layers,  and  waveguide  layers, 
is  equal  to  2000  A .  The  cladding  layers  are  a 
p-GaoeAloaAs  layer,  and  n-Gao6Alo4As  layer,  respec¬ 
tively.  In  particular,  when  the  number  of  QW  is  equal  to 
1,  we  call  this  structure  a  single  QW  (SQW)  structure, 
hereafter.  In  these  MQW  structures  the  F  is  given  ap¬ 
proximately  by  [15] 


F  =  0.3  N(LJLo)  (6) 

where  is  equal  to  1000  A ,  A(  is  the  number  of  QW’s. 

Fig.  1  shows  the  maximum  gain  g^od  (E,)  exercised  by 
the  laser  mode  as  a  function  of  the  injected  current  density 
J  for  different  number  of  QW’s.  The  injected  current  J  is 
given  by 


'  \  J  J  C  h  j=h.l  n=\  L. 


(7) 


•  (1  -/u(£0) 


(£  -  e)^  +  (A/tJ‘ 


-  di  dE 


The  term  surrounded  by  parenthesis  is  the  total  emission 
rate.  In  this  calculation,  the  QW  thickness  L.  and  T,n  are 
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assumed  to  be  100  A  and  0.2  ps.  The  energy  band-gap 
discontinuity  A£.  and  A£i,  of  the  conduction  band  and  the 
valence  band  at  the  interface  of  GaAs  and  AIq  ;Gao  tAs  are 
set  0.8  A£  and  0.2  A£.  respectively,  where  A£,  which  is 
the  total  band  discontinuity,  is  assumed  to  be  333  meV. 
We  notice  a  very  marked  flattening  (“saturation”)  of  the 
gain  at  high  injected  currents,  especially  in  a  single  well 
(N  =  1).  This  gain  saturation  is  due  to  the  step-like  shape 
of  the  density  of  state  functions,  and  the  fact  that  penetra¬ 
tion  of  the  quasi-Fermi  levels  into  the  conduction  band  or 
valence  band  takes  place  at  high  current  injection.  The 
product  Pred{«)[y((^i)  ~  which  determines  the 

gain,  becomes  a  constant  and  no  longer  increases  with 
current.  The  maximum  gain  gmo<i(£/)  available  with  N 
QW's  is  thus  N  times  larger  than  gmod^^i)  with  N  =  1 
since  each  well  can  now  provide  its  saturation  gain,  which 
is  equal  to  that  of  a  SQW  laser.  We  can  consequently  avoid 
the  saturation  effect  by  increasing  the  number  of  QW’s 
although  the  injected  current  to  achieve  this  maximum 
gain  also  increases  by  N  times.  Owing  to  this  gain  satu¬ 
ration  effect  there  exists  an  optimum  number  of  QW’s  for 
minimizing  the  threshold  current  for  a  given  total  loss 
“toiai-  From  Fig.  1  we  see  that,  for  low  losses,  the  injected 
threshold  current  is  minmimum  in  the  case  of  N  =  1.  On 
the  other  hand,  if  the  >  20  cm"',  the  threshold  cur¬ 
rent  with  A/  =  1  is  larger  than  that  of  N  -  2.  At  higher 
values  of  a, <,,31.  which  call  for  large  laser  modal  gain 
a  larger  number  of  wells  are  needed.  From  Fig.  1  we  see 
that  foraioss  >  50  cm"'  a  five-well  structure  (N  =  5)  will 
have  the  lowest  threshold  current. 

In  order  to  clarify  these  situations,  in  Fig.  2  the  thresh¬ 
old  current  as  a  function  of  the  QW  number  with  various 
total  loss  is  shown.  This  figure  indicates  that  when  the 
“total  is  low,  A(  =  1  IS  optimum,  whereas  the  optimum 
number  N  is  larger  than  1  for  higher  aioss-  Thus  the  gain 
saturation  which  is  enhanced  in  a  SQW  structure  causes 
the  significant  dependence  of  the  optimum  number  N  on 
the  a,o„|  for  reducing  threshold  current. 

There  remains  another  important  structural  parameter, 
the  quantum  well  thickness.  Fig.  3  shows  the  threshold 
current  change  as  a  function  of  the  QW  thickness.  In  this 
calculation,  the  number  of  QW’s  with  each  QW  thickness 
is  optimized  so  that  the  threshold  current  is  minimum. 
The  results  indicate  that  the  threshold  current  of  thinner 
QW  lasers  (L,  =  50  —  100  A)  is  much  lower  than  that 
of  thicker  QW  lasers.  We  also  notice  that  the  threshold 
current  is  minimized  with  £.  -  60  A  when  aio,,  is  low 
(“loss  =  1(5'  30  cm"').  This  is  mainly  due  to  the  fact  that 
the  current  for  transparency  (gain  is  just  equal  to  zero), 
which  corresponds  approximately  to  threshold  current  with 
extremely  low  loss,  is  minimized  at  the  thickness  of  £.  - 
60  A  in  the  case  of  N  =  I  and  also  due  to  the  fact  that 
the  optimum  N  at  each  QW  is  1  in  the  case  of  low  aio,,  for 
thin  quantum  well  structures.  Since  the  gain  saturation  is 
more  enhanced  for  smaller  £.,  the  optimum  N  of  thinner 
QW’s  is  larger  than  that  of  thicker  QW’s.  For  otioss  =  50 
cm"',  iVop,(£.  =  50  A)  =  4,  while  =  100  A)  = 

2  and /Vop,(£:  =  200  A)  =  1. 


NUMBER  OF  QUANTUM  WELLS 

Fig.  2.  The  threshold  current  change  as  a  function  of  the  number  .V  of 
quantum  wells  with  the  various  total  loss  ai„„.  In  this  case,  the  quantum 
well  thickness  L.  is  assumed  to  be  100  A . 
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WELL  THICKNESS  (A) 

Fig.  3.  The  threshold  current  change  as  a  function  of  the  quantum  well 
thickness  L;  with  various  total  loss  ai,,,.  The  number  A' of  quantum  wells 
which  is  optimized  so  that  threshold  current  is  minimum. 
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Fig.  4.  The  differential  gain  g'iE)  with  several  injected  currents  as  a  func¬ 
tion  of  the  photon  energy  substracted  the  band-gap  energy  of  GaAs 
l£  -  £,).  In  this  calculation  t,„  is  assumed  to  be  0.2  ps  (solid  curve)  and 
OD  s  (broken  curve).  The  number  of  the  quantum  wells  is  1  and  the  thick¬ 
ness  is  100  A 


III.  Differential  Gain  and  Modulation  Bandwidth 
A.  Differential  Gain 

In  this  section,  we  investigate  the  properties  of  the  dif¬ 
ferential  gain  and  calculate  the  modulation  bandwidth  of 
the  quantum  well  laser.  The  differential  gain  g'(n,  E)  at  a 
photon  energy  E  is  defined  as  the  derivative  of  the  bulk 
gain  with  respect  to  carrier  concentration,  i.e.,  (g'(n, 
E)  =  dgin,  E)/dn).  Since  it  figures  in  the  modulation  re¬ 
sponse  of  the  semiconductor  laser  through  the  expression 
fr  =  i  ir>Jg'(n,  E)(ndc)  (Po/t^)  (where /.  is  the  relaxation 
frequency  conventionally  used  as  a  measure  of  the  upper 
useful  modulation  frequency  [I],  Pq  is  the  photon  density 
in  the  active  region  and  Tp  is  the  photon  lifetime  in  the 
passive  cavity),  g'(n,  E)  contains  the  “physics”  of  the 
semiconductor  laser.  The  derivation  of /,  will  be  discussed 
in  the  next  section.  In  order  to  emphasize  the  carrier  de¬ 
pendence  of  the  gain,  we  describe  the  gain  as  a  function 
of  both  E  and  n.  When  we  take  broadening  effects  due  to 
intraband  relaxation  into  consideration  the  differential  gain 
is  given  by 


g’{n,  E) 


dg{n.  E) 
dn 


( dfMj  _  dUt'^S\  (hiTj 

\  dn  dn  j  (E  -  e)’  +  (hlrj' 


(8) 


Fig.  4  shows  the  differential  gain  g'(n,  E)  as  a  function 
of  the  excess  photon  energy  (£  -  Eg)  (Eg  =  band-gap 
energy)  at  two  injected  current  densities  (7  =  36. 
95  A/cm"’)  in  SQW  laser  with  a  QW  thickness  of  L.  = 
100/4.  The  solid  curve  is  that  of  g'(n,  E)  with  =  0.2 
ps  and  the  broken  line  represents  g’{n,  E)  with  r,„  =  oo 
(i.e.,  no  energy  broadening).  We  call  g'(n.  E)  without  en¬ 
ergy  broadening  the  differential  gain  profile,  hereafter. 
This  differential  gain  profile  is  0  below  39  meV  which  cor¬ 
responds  to  the  energy  difference  between  the  first  sub¬ 
band  of  electrons  and  heavy  holes  (tj,  -  ej,  -  Eg).  The 
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Fig.  5.  Tlie  dilTerenlial  gain  g'in.  £,).  ai  which  the  gain  i.s  maximum,  iv 
shown  as  a  function  of  the  injected  current  J  with  various  number  of 
quantum  wells.  The  thickness  of  quantum  wells  is  100  A  . 


abrupt  small  change  near  50  meV  is  due  to  the  onset  of 
the  electron-light  hole  transition  of  the  first  subband.  We 
also  note  other  abrupt  changes  in  the  g'iE,  n)  near  150 
meV  and  190  meV.  These  changes  correspond  to  the  elec¬ 
tron-heavy  hole,  and  electron-light  hole  transitions  of  the 
second  subband,  respectively.  In  the  case  of  the  more  re¬ 
alistic  T,„  =  0.2  ps  curves,  the  energy  broadening  of  the 
abrupt  features,  by  (A/T|„),  causes  a  lowering  of  g'(n,  E ). 
In  this  case  we  can  still  observe  dips  at  the  onset  of  higher 
order  transitions.  Since  the  photon  energy  £,  that  maxi¬ 
mizes  the  gain,  is  near  40-50  meV  in  both  cases  of  the 
injected  current,  this  figure  indicates  that  differential  gain 
at  £,  seems  to  decrease  with  the  increase  of  the  injected 
current. 

In  order  to  clarify  the  injected  current  dependence  of 
the  differential  gain,  we  show  in  Fig.  5  the  differential 
gain  g'(n,  Ei)  at  maximum  gain  photon  energy  E,  as  a 
function  of  the  injected  current  in  a  MQW  laser  with  var¬ 
ious  numbers  of  QW’s.  The  results  show  that  g'{n,  Ei) 
has  a  peaked  structure,  which  is  due  to  the  gain  saturation 
effects  discussed  in  Section  II.  Since  g'(,n,  £,)  is  a  bulk 
parameter,  it  does  not  change  with  the  increase  of  the 
number  of  QW’s  as  long  as  the  Fermi  energy  is  fixed, 
whereas  the  injected  current  increases  by  a  factor  of  N. 
Consequently,  the  g'{E,  n)  curve  is  stretched  in  the  direc¬ 
tion  of  the  current  axis  with  an  increase  of  N.  Note  that 
the  second  peak  appears  at  7  -  300  mA.  In  the  current 
region  below  the  second  peak  (7  <  300  mA),  £,  is  located 
near  the  first  subband.  When  £,  jumps  from  the  first  sub¬ 
band  to  the  second  subband,  this  second  peak  appears. 

The  differential  gain  also  depends  on  the  QW  thickness. 
Fig.  6  shows  the  differential  gain  at  E,  as  a  function  of  the 
injected  current  in  a  SQW  laser  with  the  various  QW 
thickness  (50  A.  100  A,  and  200  A).  The  results  indi¬ 
cate  two  important  properties  of  the  g'(n.  £).  First  is  that 
the  thinner  QW  laser  achieves  higher  differential  gain. 
This  is  mainly  due  to  the  fact  that  the  contribution  of  the 
injected  current  to  the  increment  of  the  gain  by  the  next 
higher  subband  is  enhanced  when  the  (jw  thickness  is 
larger,  and  that  happens  at  the  expense  of  gain  at  £.  Sec- 
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Fig.  6.  The  differential  gain  g'Oi.  f,).  at  which  the  gain  is  maximum,  is 
shown  as  a  function  of  the  injected  current  with  various  quantum  well 
thickness  L..  The  number  of  quantum  wells  is  equal  to  I. 

ond  is  that  the  g'{n,  E)  has  many  peaks  when  L.  =  200 

A .  Note  that  the  values  of  the  second  and  third  peak  of 
g'(n.  E)  are  comparable  to  that  of  the  first  peak.  When  E, 
jumps  from  the  first  (second)  subband  to  the  second  (third) 
subband,  the  second  peak  (third  peak)  appears.  Since 
thicker  QW’s  have  more  peaks  in  the  density  of  states,  the 
jumps  appear  more  frequently  with  the  increase  of  the  L.. 
In  the  limiting  case  of  thick  QW’s.  g'(n,  E)  increases 
gradually  with  the  increase  of  J. 

B.  Modulation  Resonance  Frequency 

On  the  basis  of  the  discussion  concerning  g'{n,  E)  in 
the  previous  subsection,  we  will  investigate  modulatiot 
dynamics  in  QW  lasers.  The  rate  equation  for  laser  dy¬ 
namics  can  be  described  a*s  follows. 

dn  J(t)  nr  ^  n 

—  =  — - g(n,  Ey)P - 

dt  eL~  c  Tj 

dP  „  nr  ^  n  P 

—  =  r  -  gin,  EOP  +  0 -  (9) 

dt  C  T,  Tp 

where  P  is  the  photon  density  (cm'^),  0  is  the  spontaneous 
emission  coefficient  ini.j  the  lasing  mode,  t,  is  the  carrier 
lifetime.  Jit)  (cm"^)  is  the  injected  current  density,  n  is 
the  carrier  concentration,  and  gin,  E,)  (cm"’)  is  the  bulk 
gain,  while  rg(n,  E,)  is  the  modal  gain  as  a  function  of 
the  carrier  density  n  (cm'^)  at  the  lasing  photon  energy 
£,.  When  we  discuss  the  carrier  density  in  the  quantum 
well  structure  we  usually  use  the  density  per  cm^,  how¬ 
ever,  the  proper  “bookkeeping”  of  photons  and  carriers 
requires  that  n  stands  for  carrier  density  per  unit  volume. 
The  relaxation  resonance  frequency  /.  is  determined  by  a 
smaM-signal  analysis  of  (9).  The  results  can  be  simply  ex¬ 
pressed  by  [1] 


where  P„  is  the  photon  density  in  the  cavity  at  stationary 
states.  Note  that  Tp  is  related  to  the  total  loss  as  follows. 


NUMBER  OF  QUANTUM  WELLS 

Fig.  7  The  calculated  results  of  the  resonant  frequency  /,  as  a  function  ot 
N  with  various  total  loss  a,„„.  with  quantum  well  thickness  L.  =  100 


It  follows  from  (10)  that  an  increase  of  the  differential 
gain  and  of  together  with  a  decrease  of  Tp.  is  required 
in  order  to  increase  the  modulation  bandwidth.  The  in¬ 
crease  of  P„  is  usually  limited  by  catastrophic  mirror  dam¬ 
age.  while  Tp  is  determined  by  the  total  loss  a,o,ai.  Thus 
P„  and  Tp  depend  strongly  on  the  laser  geometry.  On  the 
other  hand,  the  differential  gain  g'in,  Ei)  depends  on  the 
properties  of  the  QW’s  and  on  the  injected  current  at 
threshold  as  discussed  in  connection  with  Figs.  5  and  6. 
Fig.  7  shows  the  calculated  result  of  the  resonance  fre¬ 
quency  fr  of  MQW  lasers  with  L.  =  100  A  as  a  function 
of  (V  with  aio5s  (photon  lifetime)  as  a  parameter  taking  (11) 
into  consideration.  As  shown  in  this  figure,  there  is  the 
optimum  N  which  is.  usually,  not  equal  to  1  for  obtaining 
high  fr-  This  can  be  explained  as  follows.  When  the  num¬ 
ber  of  QW's  is  small,  the  threshold  current  y,h  is  larger 
than  the  current  which  gives  the  maximum  differential 
gain  because  of  the  gain  saturation  effects,  leading  to  lower 
differential  gain.  On  the  other  hand,  the  differential  gain 
increases  with  the  increase  of  N,  since  7,^  approaches 
However,  once  /,(,  becomes  smaller  than  with 
the  further  increase  of  N,  the  differential  gain  decreases 
again.  Therefore  there  exists  an  optimum  number  at 
which  y^ax  ~  •^th-  Since  increases  with  the  increase 
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of  Oios,  with  the  same  ^V,  the  iV.,p,  increases  for  higher 
In  Fig.  8.  the  maximum  resonance  frequency  /,,  which 
can  be  attained  by  optimizing  <V  as  a  function  of  L.  with 
various  is  shown  by  a  solid  curve.  This  result  indi¬ 
cates  that  for  the  range  of  losses  (aio^s)  considered,  the 
resonance  frequency  increases  with  the  reduction  of  the 
QW  thickness;  the  resonance  frequency  /,  with  L-  =  50 
A  is  enhanced  by  1.8  compared  to  the  fr  of  the  double 
heterostructure  laser. 


IV.  Laser  Linewidth 


A.  Spontaneous  Emission  Factor 

In  this  section,  we  analyze  the  spectral  linewidth 
broadening  in  the  QW  lasers  and  show  how  a  substantial 
reduction  of  the  linewidth  can  be  obtained  with  an  opti¬ 
mization  of  the  quantum  well  structures. 

The  power-dependent  linewidth  in  semiconductor  lasers 
occurs  due  to  the  spontaneous  emission  that  modulates  the 
laser  field  both  in  intensity  and  in  frequency  (phase).  This 
linewidth  involves  the  Schawlow— Townes  linewidth  that 
is  due  to  the  instantaneous-phase  fluctuation  as  well  as  to 
the  delayed-phase  fluctuation  that  occurs  as  the  laser  in¬ 
tensity  returns  to  its  steady  states  (amplitude  phase  cou¬ 
pling).  The  reduced  linewidth  is  [3],  [4] 


i>'hi<(rg(£/))  (Z.''//t  (1//?))  n 
8ir/’| 


^  (I  +  a’) 


(12) 


where  P\  is  the  output  photon  density,  or  is  the  linewidth 
enhancement  factor,  o,  is  the  group  velocity  of  light  in  the 
active  layer,  hv  is  the  photon  energy,  and  /i,p  is  defined  as 
the  spontaneous  emission  rate  divided  by  total  stimulated 
emission  rate  given  by 
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Fig.  8.  The  maximum  resonant  frequency,  which  is  achieved  by  optimizing 
the  number  of  quantum  wells,  as  a  function  of  the  quantum  '.'  ell  thickness 
L.  with  various  total  loss  ai„... 
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If  energy  broadening  is  extremely  small  we  can  approxi¬ 
mate  at  the  photon  energy  Ei  at  which  the  gain  is  max¬ 
imum  (E  =  E,)  by 

n,p  =  (1  -  exp  (£|  -  Afp))"'  (14) 

where  Acf  is  the  difference  between  the  quasi-Fermi  en¬ 
ergy  of  electrons  and  that  of  holes  (t/r  -  e^,).  Equation 
(14)  shows  that  /j,p  at  E,  increases  substantially  with  the 
approach  of  to  E,  (i.e.,  the  total  loss  decreases),  since 
£,  is  fixed  near  (e,,  -  ti.,)  (the  photon  energy  which  cor¬ 
responds  to  the  lowest  subband)  in  the  QW  lasers.  Finally, 
n,,p  at  £/  becomes  infinite  when  the  injected  current  is  equal 
to  the  current  J„  at  which  transparency  occurs  (Af^  -» 
£;).  In  Fig.  9.  we  show  the  calculated  results  of  n^p  at  £, 
as  a  function  of  the  injected  current  with  a  various  num¬ 
bers  of  QW’s.  The  QW  thickness  is  assumed  to  be  100  A 
and  T,„  is  assumed  to  be  0.2  ps.  The  observed  dip  corre¬ 
sponds  to  the  jump  of  £,  from  the  electron-hole  transition 


of  the  first  subband  to  the  electron-hole  transition  of  the 
second  subband. 

Fig.  10  shows  the  tisp  at  Ei  as  a  function  of  the  injected 
current  with  various  QW  thicknesses.  In  this  calculation, 
the  number  of  QW’s  is  1  and  t,„  =  0.2  ps.  We  notice  that 
the  approach  of  to  I,  with  the  increase  of  the  injected 
current,  occurs  more  rapidly  when  the  QW  thickness  is 
smaller.  We  also  notice  that  two  dips  appear  in  the  case  of 
L.  =  200  A .  These  dips  appear  when  £  jumps  from  the 
electron-hole  transition  of  the  first  (second)  subband  to  the 
electron-hole  transition  of  the  second  (third)  subband. 

B.  Linewidth  Enhancement  Factor 

The  linewidth  enhancement  factor  a  of  (12),  which  rep¬ 
resents  the  spectral  broadening  due  to  the  coupling  be¬ 
tween  AM  linewidth  and  FM  noise,  is  given  by  (17) 


CURRENT  DENSITY  (A/cm^) 

Fig.  10.  The  spontaneous  emission  factor  n,p  as  a  function  of  the  injected 
current,  at  which  the  gain  is  maximum,  is  shown  as  a  function  of  the 
injected  current  J  with  various  quantum  well  thickness.  The  number  of 
quantum  wells  .V  is  equal  to  1. 
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Fig  12.  The  linewidth  enhancement  factor  a  as  a  function  of  the  injected 
current  at  photon  energy,  at  which  the  gain  is  maximum  with  various  ,V 
The  thickness  of  quantum  wells  is  100  A  . 
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Fig.  I  i  shows  the  a  parameter  as  a  function  of  (£  —  £^)  * 
(the  photon  energy  minus  the  band-gap  energy)  for  in¬ 
jected  currents  of  7  =  36i4/cm"‘,  and  J  =  95  l/cm”"^, 
respectively.  We  notice  that  «  increases  with  the  increase 
of  the  photon  energy  and  also  changes  its  sign  from  minus 
to  plus.  This  is  due  to  the  change  in  the  sign  of  the  nu¬ 
merator  of  (15)  from  minus  to  plus,  since  the  differential 
gain  profile  has  a  peaked  structure  as  indicated  in  Fig.  4. 
Fig.  12  shows  a  at  the  maximum  gain  photon  energy  £, 
as  a  function  of  the  injected  current  for  various  N's.  In 
this  calculation  the  QW  thickness  and  T,n  are  assumed  to 
be  100  A .  and  0.2  ps,  respe  'tively.  Since  a  is  a  bulk  pa¬ 
rameter,  the  value  of  a  is  independent  of  the  number  of 
quantum  wells  N.  so  that  the  injected  current  to  achieve  a 
given  value  of  a  is  proportional  to  /V,  and  the  currents  for 


N  =  1,  3,  5  differ  only  in  their  horizontal  scale.  We  find 
that  the  absolute  value  of  a  (|a|)  decreases  with  the  in¬ 
creases  of  the  injected  current.  Therefore  we  can  reduce 
the  value  of  |al  by  the  use  of  high  loss  aioss  although  this 
leads  to  high-threshold  current. 

Fig.  13  shows  the  a  parameter  as  a  function  of  the  in¬ 
jected  current  with  various  QW  thickness  at  £,.  The  value 
of  N  is  taken  as  unity.  We  notice  a  tendency  that  the  smaller 
L.  is,  the  smaller  a  is. 

C.  Spectral  Linewidth 

Fig.  14  shows  the  laser  spectral  width  Ap  calculated 
from  (11)  as  a  function  of  the  number  of  QW's  with  var¬ 
ious  total  loss  (a,o,ai  =  10,  30,  50  cm”').  We  find  that  the 
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Fig.  13.  The  linewidth  enhancetnent  factor  or  as  a  function  of  the  injected 
current  with  various  quantum  well  thickness.  The  thickness  of  quantum 
wells  IS  100  A  . 


Fig  14  The  spectral  linewidth  Av  as  a  function  of  the  number  of  quantum 
wells  with  various  total  loss 


Av  increases  monotonically  with  the  increase  of  the  num¬ 
ber  of  QW’s.  This  is  due  to  the  fact  that  both  «  and  n^p 
are  reduced  with  the  increase  of  Ae/r  which  is  enhanced 
with  small  number  of  N.  Therefore,  in  order  to  reduce  Av, 
a  SQW  laser  should  be  used  rather  than  a  MQW  laser. 
The  substantial  change  in  Au  with  the  increase  of  N  is  due 
to  the  fact  that  the  abrupt  change  in  a  occurs  in  the  low 
injected-current  region.  Note  that  this  change  is  enhanced 
with  low  aio„. 

The  spectral  width  Au  is  also  a  function  of  the  thickness 
L..  Fig.  15  shows  the  minimum  attainable  Av  as  a  function 


Fig.  15.  The  minimum  spectral  linewidth  Av  as  a  function  of  the  quantum 
well  thickness  with  various  total  loss.  The  number  of  quantum  wells  is 
optimized. 


of  the  QW  thickness  with  various  ains,.  Generally  speak¬ 
ing,  we  notice  that  Ap  is  reduced  greatly  in  the  region  of 
thin  active  layer.  In  the  case  of  aioss  =  10  cm~'.  Ap  is 
minimum  arround  L.  =  80  A.  This  is  due  to  the  fact  that 
there  is  the  current  region  in  which  oc  of  L.  =  100  A  is 
smaller  than  that  of  L.  =  50  A ,  as  shown  in  Fig.  13.  Since 
the  value  Ap  for  a  DH  laser  (0.1  jzm  active  layer)  is  cal¬ 
culated  to  be  60  MHz/mW  with  aio^s  =  30  cm~',  the  Ap 
can  be  substantially  reduced  with  a  thin  QW  structure  by 
factor  of  -  1/10  compared  to  DH  lasers.  For  all  L.,  the  Ap 
increases  monotonically  when  the  number  of  QW's  in¬ 
creases. 

V.  Conclusions 

We  investigate  theoretically  the  effects  of  quantum  well 
(QW)  structure  parameters  such  as  the  number  and  the 
thickness  of  QW’s  on  the  gain,  the  dynamic  response  and 
quantum  noise  of  QW  lasers.  We  have  considered  the  is¬ 
sues  of  optimum  conditions  for  realizing  low-noise  char¬ 
acteristics  and  high-dynamic  performance.  We  have  found 
that  the  gain  in  structures  with  a  small  number  of  layers 
tends  to  saturate  with  current.  The  differential  gain  and 
linewidth  enhancement  factor  of  QW  lasers  are  also  dis¬ 
cussed.  The  results  indicate  that  the  modulation  band¬ 
width  can  be  enhanced  by  a  factor  of  -  2  in  the  multi¬ 
quantum  well  laser,  and  linewidth  is  found  to  be 
significantly  suppressed  by  1/10  in  a  single  thin  CjW  laser 
compared  to  the  conventional  double  heterostructure  laser. 
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Abstract— Vlt  present  an  analysis  of  IJie  steady-state  operation  of  a 
two-clement  coupled-cavity  laser  near  a  mode  hop.  The  equations  of 
motion  for  the  two  cavities  and  two  relevant  modes  of  a  longitudinally 
coupled-cavity  laser  are  reduced  to  a  system  of  nondimensional  nonlin¬ 
ear  ordinary  differential  equations  which  describe  a  general  two-ele¬ 
ment  laser.  The  equations  are  then  solved  and  the  stability  of  their 
solutions  is  analyzed.  Depending  upon  the  fill  factors  for  the  two  modes, 
there  exists  an  intrinsically  multimode  oscillation  for  operating  con¬ 
ditions  under  which  it  was  previously  thought  that  no  steady  state  ex¬ 
isted.  Under  conditions  where  the  multimode  state  is  unstable,  both  of 
the  single-mode  states  are  stable  with  bistable  transitioiis  occurring  only 
on  the  boundaries  of  the  unstable  multimode  regimes. 


I.  Introduction 

OUPLED-CAVITY  lasers  have  recently  become  the 
subject  of  much  study  because  of  their  potential  for 
single-mode  operation  under  high-speed  current  operation 
[1],  [2].  In  addition,  they,  like  many  other  two-element 
lasers  [3],  have  been  shown  to  exhibit  bistable  behavior. 
Such  behavior  makes  them  suiuble  for  digital  optical  read/ 
write  operations  or  candidates  for  elements  of  an  optical 
logic  system  (4).  Although  there  have  been  several  anal¬ 
yses  of  longitudinally  coupled-cavity  lasers  (e.g.,  a 
laser)  at  varying  levels  of  approximation  [S]-[8],  none  has 
treated  the  problems  associated  with  operation  near  a 
mode  boundary.  Yet,  when  the  current  supplied  to  one  of 
the  two  cavities  is  modulated,  crossing  a  mode  boundary 
is  almost  inevitable  [8].  Recently,  in  a  steady-state  anal¬ 
ysis,  Henry  and  Kazarinov  made  the  claim  that  there  ex¬ 
isted  regimes  of  operation  near  a  mode  boundary  where 
no  steady-state  solutions  were  stable  (although  they  left 
open  the  question  of  what  happened  in  such  a  regime).  In 
this  paper,  we  analyze  the  behavior  of  a  two-element  cou¬ 
pled-cavity  laser  near  a  mode  boundary.  Although  we 
choose  the  specific  geometry  of  a  longitudinally  coupled 
pair  of  cavities,  the  nondimensional  equations  of  motion 
are  equally  applicable  to  any  two-element  laser  (e.g.,  a 
laterally  coupled  cavity  [9]).  In  Section  II,  we  give  a  brief 
development  of  the  equations  of  motion  of  the  laser,  using 
a  slowly  varying  complex  frequency  approximation  [10]. 
In  Section  III,  we  expand  around  a  mode  hop  in  the  carrier 
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density  plane  and  develop  a  set  of  nondimensional  equa¬ 
tions  which  describe  the  dynamical  behavior  of  the  laser. 
We  solve  for  the  dc  solutions  of  the  equations  and  perform 
a  stability  analysis  upon  the  solutions.  We  show  that  in 
all  regimes  of  operation,  there  exists  at  least  one  stable 
solution,  and  sometimes  two;  we  identify  a  sufficiency 
condition  for  bistable  behavior,  and  we  solve  for  the  lines 
of  instability  on  which  a  bistable  transition  occurs.  In  Sec¬ 
tion  IV,  we  summarize  the  important  results  of  the  anal¬ 
ysis. 

II.  Equations  of  Motion 

We  begin  by  deriving  the  eigenvalue  equation  for  the 
modes  of  a  longitudinally  coupled-cavity  laser  illustrated 
schematically  in  Fig.  1.  It  consists  of  two  cavities  of 
length  Z.|  and  Li,  separated  by  a  small  gap  D.  Although 
in  actual  practice  one  would  control  the  currents  yj  and  ji 
supplied  to  each  of  the  two  sections,  for  the  purposes  of 
analysis,  it  is  more  convenient  to  treat  the  carrier  densities 
/ii  and  rtj  as  free  parameters,  solve  for  the  lasing  fre¬ 
quency  u).  and  then  find  the  currents  necessary  to  support 
that  operating  point  at  a  given  power  level.  We  choose 
our  time  factor  as  Then  a  roundtrip  self-reproduction 
condition  imposed  upon  the  field  in  the  laser  yields  the 
secular  equation  [5] 

exp  [-7i(n,)  L|  -P  2y<i>jX|(n|)  L|/cj  _  ^ 

exp  \  L2  +  2;cjm2(^2)  ^ 

«2 

-  K,  =  0  (1) 

where  7,(n,)  is  the  linear  gain  constant  for  the  /th  cavity, 
jx,(/i,)  is  the  index  of  refraction,  R,  is  the  reflectivity  of  the 
outside  mirrors,  and  K,  is  a  coupling  factor  which  char¬ 
acterizes  the  gap  (taking  into  account  the  length  and  re¬ 
flectivity  of  the  mirrors  bounding  the  gap)  [5].  Equation 
(1)  can  be  considered  [10]  an  implicit  equation  for  com¬ 
plex  w  as  a  function  of  n^  and  For  any  fixed  pair  (n|, 
712).  there  exists  an  infinite  number  of  complex  w  solu¬ 
tions;  each  solution  corresponds  to  a  different  spatial  (lon¬ 
gitudinal)  mode  of  the  structure.  We  are  not  interested  in 
the  phase  of  the  optical  field,  so  we  can  ignore  the  real 
part  of  u),  but  the  dynamics  of  the  power  depend  upon  the 
imaginary  part.  The  time  evolution  of  the  avei^ge  photon 
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Fig.  I  Schematic  of  a  longitudinally  coupled-cavity  laser. 


Fig.  2  Plot  of  the  line  Im  (u)  =  0  for  a  single  mode  in  the  carrier  density 
plane  (normalized  lo  threshold  values  for  (he  uncoupled  lasers)  for  a  laser 
with  =  200  (im,  L;  =  20  mid-  D  =  1 .5  wavelengths. 

density  p,  in  the  ith  mode  obeys 

p,  =  -2  Im  (u,)  p,  +  -  E  0„n  (2) 

fs  i 

where  rij  is  the  carrier  density  in  the  yth  cavity,  r,  is  the 
spontaneous  lifetime,  and  0,j  are  coefficients  representing 
the  fraction  of  spontaneous  emission  coupled  into  the  op¬ 
tical  field.  For  a  single  mode,  the  line  determined  by  the 
requirement  Im  (w)  =  0  (Fig.  2)  corresponds  to  a  quasi¬ 
steady-state  mode  which  neither  grows  nor  decays  in  time 
(that  is,  a  true  steady-state  mode).  For  Im  («)  <  0,  the 
quasi-steady-state  mode  grows  without  limit,  and  for  Im 
(oj)  >  0,  it  decays  to  zero.  When  spontaneous  emission 
[which  was  not  included  in  (1)]  is  considered,  the  carrier 
densities  of  the  laser  are  clamped  just  to  the  left  of  the  Im 
(dj)  =  0  line  (in  the  absence  of  spontaneous  emission, 
they  are  clamped  onto  it). 

As  we  said,  there  are  an  infinite  number  of  solutions  Im 
(w)  =  0  to  (1),  each  corresponding  to  a  different  longi¬ 
tudinal  mode;  we  plot  a  set  of  them  in  Fig.  3.  Consider  a 
point  well  to  the  left  of  any  of  the  lines,  e.g.,  point  A  in 
Fig.  3.  Then  Im  (w)  >  0  for  all  the  modes  in  the  set;  any 
excitation  will  decay  away  and  no  lasing  state  exists  for 
that  pair  of  carrier  densities.  On  the  other  hand,  a  point 
on  the  curve’s  leftmost  boundary  (point  B)  is  on  the 
steady-state  curve  for  one  mode  and  in  the  Im  (oj)  >  0 
region  for  the  rest;  consequently,  the  one  mode  will  lase 
(and  since  Im  (oj)  =  0,  neither  grow  nor  decay)  while  all 
others  decay  away.  An  operating  point  at  the  intersection 
of  two  curves  (point  C)  could  conceivably  have  two  las¬ 
ing  modes.  However,  a  point  to  the  right  of  any  of  the 
mode  curves  (point  D)  does  not  corresond  to  a  physically 


Fig.  3.  Plot  of  ten  modes  in  the  carrier  density  plane. 


Fig.  4.  Accessible  regions  of  the  carrier  density  plane  Above  threshold. 

(he  carrier  density  is  clamped  onto  the  threshold  earner  density  line. 

Each  cusp  on  the  curve  indicates  a  mode  hop. 

realizable  steady  state.  It  is  in  the  Im  (oj)  <  0  regime  for 
one  or  more  modes,  and  those  modes  will  thus  grow  ex¬ 
ponentially  without  limit.  This  region  is.  of  course,  ac¬ 
cessible  on  a  transient  basis— but  if  one  drives  the  device 
into  the  Im  (w)  <  0  region  for  a  particular  mode,  the 
optical  power  in  that  mode  will  build  up  over  time  and 
saturate  the  gain  back  down  to  a  point  somewhere  on  the 
lowest  curve.  These  arguments  justify  the  division  of  the 
(/ii,  ny)  plane  into  regions  below  and  above  threshold  as 
in  Fig.  4.  Between  any  two  cusps,  the  curve  corresponds 
to  the  Im  (w)  =  0  line  of  the  lowest  lying  mode.  The  cusps 
correspond  to  mode  hopping.  Above  lasing  threshold,  the 
carrier  density  is  clamped  onto  the  threshold  line  (al¬ 
though  it  is  free  to  shift  along  the  line). 

In  practice,  one  controls  the  currents  supplied  to  the 
two  sections,  not  the  carrier  densities.  The  question  of 
multistability  refers  to  the  existence  of  multiple  operating 
points  (/i|,  ny)  for  the  same  pump  current  densities  (j,. 
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j:).  We  must  also  consider  the  carrier  density  equations 

^  -  g,in,)  S  r,jPj  (3) 

where  q  is  the  electronic  charge,  d  is  the  thickness  of  the 
active  layer.  g,{n,)  is  the  gain  constant,  and  are  fill 
factors  defined  by 

Fy  =  {the  proportion  of  optical  power  of  the 
yth  mode  in  the  /th  cavity}. 

In  steady  sta',*.  we  can  write  this  equation  as 

A  =  -  +  g,(«,)  2  (4) 

qd  T,  1  ^  ' 

Thus,  fora  given  operating  point  (n|,  n,)  and  a  given  set 
of  photon  densities  Pj,  the  currents  are  exactly  deter¬ 
mined.  As  we  have  seen,  for  all  operating  points  well 
away  from  a  mode  boundary,  only  a  single  mode  lases, 
so  we  can  set  the  photon  density  for  that  mode  equal  to 
the  total  power  density  and  set  all  of  the  other  photon 
densities  to  0.  For  p,o,  =  0,  the  allowable  currents  are 
precisely  equal  to  the  threshold  carrier  densities  (with  a 
scaling  factor  of  qd/r,),  and  for  p,o,  >  0,  we  can  use  (4) 
to  replot  the  carrier  density  curves  at  any  desired  power 
level. 

A  modification  occurs  when  we  are  at  a  cusp,  since  two 
lasing  modes  are  possible.  Let  the  two  modes  have  power 
levels 

Pi  = -rPtoi- P2  =  (I  - Aoi  (5) 

so  that  X  is  the  relative  fraction  of  optical  power  in  mode 
1 ;  then  the  current  relations  can  be  written  as 

4;  =  -  +  g.in,)  [xF.i  +  (1  -  x)  F.jl  p,o,-  (6) 

qd  T, 

It  is  clear  from  (6)  that  as  x  is  varied  from  0  to  1 .  the 
current  (and  mode)  changes  linearly  from  that  of  purely 
mode  I  to  that  of  purely  mode  2.  Hence,  as  we  increase 
the  power,  the  cusps  which  exist  at  threshold  move  out 
into  the  current  plane  and  become  straight  line  segments 
which  join  the  single-mode  curves.  There  are  two  quali- 
tively  different  ways  in  which  this  situation  manifests  it¬ 
self,  both  illustrated  in  Fig.  5  for  a  constant  p,o,  (they  usu¬ 
ally  do  not  occur  together;  both  are  shown  on  the  same 
graph  for  illustrative  purposes  only).  The  line  segment 
labeled  “modes  1  &  2"  is  one  of  a  family  which  fills  the 
region  of  the  current  plane  claimed  [5]  to  possess  no  sta¬ 
ble  solution.  The  segment  labeled  “modes  2  &  3“  which 
completes  the  loop  shows  that  multiple  (in  this  case,  three) 
steady-state  solutions  exist  (the  three  solutions  at  three 
different  power  levels  for  the  same  are  shown  ex¬ 

plicitly  in  Fig.  6).  A  steady-state  analysis  cannot  tell  us 
anything  about  the  stability  of  such  states,  however.  In 
the  next  section,  we  will  transform  the  equations  of  mo¬ 
tion  near  the  mode  hop  to  a  simple  system  of  nonlinear 
ordinary  differential  equations  which  incorporate  all  of  the 


6.Vt 


Fig  5  Schematic  of  constant  power  curves  in  the  current  plane  (arbitrary 
units)  The  p„,  =  0  curve  is  Kjentical  to  the  threshold  gain  curve  m  the 
(/ii.  n.)  plane  (within  a  scaling  factor).  The  straight  line  segments  joining 
the  curves  for  fixed  p,,,,  a  0  are  the  mixed  state  (two  simultaneously 
oscillating  modes). 


Fig.  6  Illustration  of  a  single  point  in  the  current  plane  which  possesses 
three  steady-slate  solutions  at  different  power  levels  (multimode  at  p,. 
mode  2  at  p,.  mode  3  at  p,) 

relevant  physics,  yet  allow  simple  analytic  solutions  and 
thus  an  unmistakeable  interpretation  of  the  physics  of  the 
device. 

III.  Nondimensional  Equations  and  Stability 

The  problem  as  posed  is  strongly  nonlinear;  in  partic¬ 
ular,  the  variation  of  Im  (cjj)  with  n,  must  be  analyzed 
numerically.  However,  we  can  put  (2)  and  (3)  in  nondi¬ 
mensional  form  valid  near  a  mode  boundary  which  carries 
all  physical  information  without  recourse  to  numerical 
techniques.  The  results  we  derive  will  be  applicable  to 
any  two-element  laser  and  not  exclusively  to  a  longitudi¬ 
nally  coupled-cavity  laser. 
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Wfc  begin  by  putting  (3)  and  (2)  in  matrix  form: 

^  =  — 7--N  -  diN)  fP  (7) 

qd  T, 

p  =  Wp  Jr  Bn.  (8) 

The  ith  element  of  N  is  {n,},  the  elements  of  J  are  { j,}, 
the  elements  of  f  are  {r^},  the  elements  of  W  are 
{5y  Im  (w,)},  the  elements  of  B  are  {/3,6,yrj} ,  and  the  ele¬ 
ments  of  P  are  {/>,}.  We  now  transform  to  the  coordinate 
system  M  illustrated  in  Fig.  7.  If  we  linearize  the  mode 
lines  about  the  mode  crossing,  then  there  exists  a  trans¬ 
formation  matrix  P  such  that 

M  =  k{N  -  iV“”)  (9) 

where  the  elements  of  N'*”  are  the  coordinates  of 

the  mode  crossing.  (Note  that  R  is  only  unique  to  within 
a  constant  scaling  matrix  {%  ^  with  a,  b  >  Q\  this  ambi¬ 
guity  does  not  affect  the  analysis.)  To  lowest  order,  the 
system  of  matrix  equations  becomes 

^  =  —^rIj  -  -  A?  -  Rd(N^°^  fP  (10) 

P --  k^P  ^  Bn'^^  (11) 

where  the  elements  of  P  are  {  -2(3Im(w,)/3my)}  and  A?  is 
the  2  X  2  matrix  with  the  elements  of  Af  on  the  diag¬ 
onal.  The  virtue  of  choosing  the  axes  {m,}  is  that  (to  the 
same  order  of  approximation  as  the  linearization)  k  is  di¬ 
agonal.  It  is  also  important  to  note  that  with  the  axes  so 
defined,  det  P  >  0  (if  the  axes  were  reversed,  the  sign 
would  change).  Now,  we  define  dimensionless  variables 


by  taking 

f  s  T,T,  T  is  the  new  time  variable  (12a) 
£  ^  kM  (12b) 

r  •  ^kRJ  -  kRN^°'  (12c) 

qd 

ft  m  kRd{Sl^°^)  f  (12d) 

6  =  PN'O'  (I2e) 

which  reduces  (10)  and  (1 1)  to  the  simple  system 
£  =  I-  E-  RP 

P  =  £P  +  D.  (13) 

In  component  form, 

e,  =  I,  -  e*  -  L  hi,pj  (14) 

J 

P,  =  ejp,  -t-  d,.  (15) 


Equations  (14)  and  (15)  are  several  levels  removed  from 
the  original  system,  so  it  is  helpful  to  review  the  terms  in 
each  equation  and  identify  them  with  a  physical  mecha¬ 
nism.  {e^}  are  carrier  densities,  {/,}  are  pump  currents. 


Fig.  7.  Schematic  of  a  single  mode  crossing  in  the  carrier  density  plane 
(arbitrary  units)  The  transformed  variables  \m,\  are  measured  along  the 
two  intersecting  mode  lines 


{Pi)  are  the  modal  power  densities,  {h,j}  are  the  fill  fac¬ 
tors  (the  proportion  of  mode  j  in  carrier  pool  /),  and  {d.} 
are  the  spontaneous  emission  rates.  Thus,  the  three  terms 
on  the  right  side  of  (14)  correspond  to  pump  current, 
spontaneous  emission,  and  stimulated  emission,  respec¬ 
tively;  the  two  terms  on  the  right  of  (15)  are  stimulated 
emission  and  spontaneous  emission,  respectively.  Exam¬ 
ination  of  (12d)  reveals  that  det  H  is  of  the  same  sign  as 
det  r  (because  the  determinants  of  all  of  the  intervening 
matrices  is  positive).  This  is  indicative  of  the  fact  that  in 
transforming  from  the  {«,  }  representation  to  the  {e,}  rep¬ 
resentation,  we  “stretched”  the  axes,  but  did  not  flip  them 
over.  Also,  we  note  that  the  spontaneous  emission  rate  is 
typically  quite  small  (/8,  *  10"'*)  so  that  {d,}  are  also  of 
the  same  small  order. 

The  steady-state  solutions  of  (14)  and  (15)  are  plotted 
in  the  current  plane  for  a  fixed  p^o,  in  Fig.  8  (subject  to 
the  physical  constraint  p^  >  0).  The  solutions  in  the  ab¬ 
sence  of  spontaneous  emission  (c/,  =  0)  are  apparent  by 
inspection  (one  virtue  of  the  dimensionless  system  of 
equations).  They  are 

{;7i  =  0,  ^2  =  ^1  ftee 

or 

{pi  =  0,  =  0,  ei  free 


or 

{e,  =  e2  =  0.  ;^2  =  Ao.  -  Pi-  P\  free.  (16) 

If  we  include  spontaneous  emission  and  define  x  as  the 
free  parameter  (restricted  to  x  e  [0,  1|),  the  solutions  are 

P\  =  A  =  (1  -  -f)  Ac 

-J,  -d2 

A  =  - A  =  - - \ - .  (17) 

(l-x)p,« 

Equation  (17)  is  more  exact  than  (16);  however,  the  shape 
of  the  curves  is  not  as  obvious  from  the  equations. 
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Fig  8  Steady-state  modes  in  the  transformed  current  plane  for  fixed  total 
output  power  p„„  =  1  Dotted  lines  are  solutions  m  the  absence  of  spon¬ 
taneous  emission  (d  s  0).  solid  lines  are  solutions  including  sponta¬ 
neous  emission  id,  =  d;  =  0  05).  (i)  hi,  =  A;-  =  I ,  h,;  =  h,,  =  0  2. 
so  det  W  >  0.  (b)  h,,  =  A.,  =  I.  A,;  =  A.,  =  I  8.  so  det  W  <  0 


With  or  without  spontaneous  emission,  we  still  must 
prove  that  these  steady-state  solutions  are  stable.  We  do 
this  by  performing  a  second  linearization  of  (14)  and  (15) 
and  determining  the  boundedness  of  the  response  of  the 
homogeneous  system  to  a  perturbation. 

e,  -*  e,  -F  p,  -*  p,  +  P,  (18) 


giving 


The  solution  to  (20)  is  bounded  only  if  all  of  the  eigen¬ 
values  of  the  square  matrix  have  nonpositive  real  parts. 
The  secular  equation  for  the  eigenvalue  X  is 

(X  -F  !)•  (X  -  e,)  (X  -  e,)  +  (X  -F  1)  (X  -  e2)p,h,, 


-F  (X  +  1 )  (X  -  e,)  Pi:  H  =  Q.  (21) 

We  shall  first  solve  for  the  case  with  no  spontaneous  emis¬ 
sion 

Case  I— €2  =  pt  =  0  (Only  Mode  2  Lasing):  Equation 
(21 )  reduces  to 


(X  -F  1)  (X  —  ^i)  [X(X  -F  I )  -F  p^Xii]  =  0.  (22) 

The  roots  are  X  =  -1.  X  =  e,.  X  =  -(ji)  ±  [j  - 
P:^:;!'  •  so  the  solution  is  stable  if  e^  <  0. 

Case  II— €[  p2  =  0  (Only  Mode  1  Lasing):  By 
switching  subset ipts  we  see  that  e;  <  0  is  necessary  for 
stability 

Case  ///— e,  =  ei  =  0  (Multimode  State): 

(X  -F  1)'X^  -F  (p|X|  iP:>t22)  X(X  -F  1) 

-F  p,p2  det  H  =  0.  (23) 


Fig.  9  Division  of  the  current  plane  into  regions  of  subthreshold  lasing, 
multimode  operation,  single-mode  operation,  and  bistable  operation 
Lines  of  instability  on  which  bistable  transitions  take  place  are  indicated 


Define  .t  =  X(X  -F  1).  Then 

X  =  ±  a  +  xY'‘  (24) 

sox  must  have  a  negative  real  part  for  stability.  The  equa¬ 
tion  for  X  is 

X*  -F  (p|/i,|  -F  P2hi2)x  -F  p,p2  det  H  =  0.  (25) 

From  inspection,  we  can  see  that  x  has  a  negative  real  part 
only  if  det  //  >  0.  In  Fig.  8,  we  have  plotted  represen¬ 
tative  cases  in  the  (i,,  ij)  plane  for  the  two  possible  signs 
of  det  H.  Case  1  yields  the  vertical  dashed  lines.  Case  II 
yields  horizontals,  and  Case  III  yields  the  diagonal  line; 
det  //  >  0  in  Fig.  8(a)  and  det  //  <  0  in  Fig.  8(b).  Thus, 
the  multimode  state  (Case  III)  is  stable  in  Fig.  8(a),  while 
it  is  unstable  in  Fig.  8(b).  All  of  the  steady-state  solutions 
in  Fig.  8  are  labeled  (5  =  stable,  U  =  unstable)  according 
to  these  rules.  While  one  can  work  out  the  roots  for  the 
case  including  spontaneous  emission  numerically,  there  is 
no  need;  as  the  spontaneous  emission  goes  to  zero,  the 
solution  lines  and  the  roots  of  (21)  must  collapse  onto 
those  of  no  spontaneous  emission.  Therefore,  the  label¬ 
ings  are  valid  for  the  curves  which  include  spontaneous 
emission. 

One  important  point  is  that  the  portions  of  the  single¬ 
mode  curves  in  Fig.  8(b)  which  overlap  each  other  (and 
consequently  yield  multiple  solutions)  are  stable;  bistable 
transitions  can  only  occur  at  their  endpoints  (where  they 
become  unstable).  Furthermore,  we  have  prove)  he  sta¬ 
bility  of  the  mixed  state  of  Fig.  8(a).  It  remains  to  relate 
this  nondimensional  probl'*m  to  the  physical  problem  with 
which  we  started.  This  is  accomplished  by  noting  that  the 
point  (e|.  Cj)  =  (0,  0)  is  the  crossing  of  the  two  mode 
lines  in  Fig.  5  Since  (as  we  pointed  out  earlier)  det  H and 
det  r  have  the  same  sign,  the  stability  criterion  for  the 
mixed  state  is  that  det  F  >  0.  The  different  states  and 
their  stability  are  summarized  in  Fig.  9.  The  current  plane 
will,  in  general,  divide  into  regions  of  single-mode  op¬ 
eration;  the  boundaries  will  either  consist  of  bimodal  re- 
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gions  (two  simultaneous  lasing  modes)  where  det  F  >  0 
or  bistable  regions  (two  possible  single-mode  states) 
where  det  F  <  0.  This  is  contrary  to  the  assertions  of  [5]. 
One  final  point  of  interest:  the  stable  mixed  state  [Fig. 
8(a)l  is  a  multimode  state  that  persists  in  the  absence  of 
spontaneous  emission.  This  is  to  be  contrasted  with  the 
more  usual  multimode  behavior  where  the  intensity  of  side 
modes  is  proportional  to  the  spontaneous  emission  rate. 
(It  should  be  pointed  out  that  with  insufficient  selectivity 
between  modes,  any  laser— including  coupled  cavity— will 
run  multimode  due  to  the  spontaneous  emission.) 

There  are  several  features  of  this  behavior  which  would 
be  of  interest  from  a  systems  viewpoint.  Every  point  in 
the  bimodal  region  corresponds  to  the  same  set  of  carrier 
densities  {e;  =  =0}.  Therefore,  the  carrier  density  is 

fixed,  and  so  the  gain  and  resonant  refractive  index  are 
effectively  clamped  (which  is  not  the  case  in  a  single-mode 
region).  Consequently,  if  one  modulates  the  laser  entirely 
within  the  multimode  region,  there  is  no  direct  frequency 
modulation  of  either  of  the  two  modes  With  the  addition 
of  a  notch  filter  to  remove  one  of  the  two  modes  from  the 
optical  output,  the  device  becomes  a  chirpless  modulator. 
Also  the  response  time  of  a  laser  diode  is  dependent  upon 
the  total  optical  power  present.  By  modulating  the  diode 
in  the  bimodal  region,  the  optical  power  is  merely 
switched  from  one  mode  to  another  (as  in  a  push-pull  am¬ 
plifier);  consequently,  even  though  the  amplitude  of  the 
desired  mode  may  approach  zero,  the  total  power  present 
remains  constant  and  the  response  time  of  the  device  re¬ 
mains  shon. 

On  the  other  hand,  if  the  cavity  were  tuned  such  that 
det  F  <0  at  the  mode  hop.  the  device  possesses  electrical 
bistability  and  the  inherent  noise  immunity  associated  with 
bistability.  Examination  of  (4)  shows  that  an  external 
beam  of  light  impinging  upon  one  of  the  cavities  shifts 
the  entire  set  of  tuning  curves  up  and  down  (or  side  to 
side)  in  the  current  plane.  Hence,  all-optical  bistability  is 
equally  feasible. 

IV.  Conclusions 

In  summary,  we  have  analyzed  the  steady-state  opera¬ 
tion  of  a  .wo-element  coupled-cavity  semiconductor  laser 
near  a  mode  boundary.  We  showed  how  the  equations  of 
motion  for  a  specific  system  of  a  longitudinally  coupled- 
cavity  laser  can  be  reduced  to  a  nondimensional  set  of 
nonlinear  differential  equations  which  descnbe  the  behav¬ 


ior  of  a  general  two-element  coupled-cavity  laser  near  a 
mode  boundary.  We  showed  that  a  multimode  state  which 
was  previously  unexplained  exists  whenever  the  deter¬ 
minant  of  the  matrix  of  fill-factor  coefficients  is  nonzero. 
The  multimode  state  varies  continuously  between  the  two 
involved  single  modes  regardless  of  the  level  of  sponta¬ 
neous  emission. 

If  the  determinant  is  greater  than  zero,  the  multimode 
state  is  stable.  Otherwise,  it  is  unstable,  but  there  are  two 
stable  single-mode  states.  Bistable  transitions  occur  on  the 
boundaries  of  the  unstable  multimode  state.  Large  bista¬ 
bilities  are  desirable  from  the  point  of  optical  storage  and 
hy.steretic  devices;  consequently,  the  relation  between  the 
bistable  region  and  the  size  of  the  determinant  of  the  fill- 
factor  matrix  is  a  useful  design  criterion  for  such  devices. 

References 

|l|  W  T.  Tsang  and  N.  A  Olsson.  "High  >peed  direct  single-trequcnc> 
iTOxlulalion  Midi  large  tuning  rate  and  frequency  excursion  in  sleascJ 
coupled-cavity  semiconductor  la-xers. "  .Tp/r/  Phv\.  Leu  .  vol  43.  pp 
650-652.  1983 

|2|  K  J  Ebeling.  L.  A.  Coldren.  B.  I  Miller,  and  J  A  Renischler. 
'Single-mode  operation  of  coupled-cavity  GalnAsP  InP  semiconduc¬ 
tor  la.sers."  Appl.  Phys  Leu  .  vol.  42.  pp  6-S.  1983 

|3|  I  H.  White.  J  E.  Carroll,  and  R  G  Plumb.  "Closely  coupled  twin 
stripe  lasers.  '  Prne.  lEE.  vol  129.  pp  291-293.  1982 

|4]  Ch  Harder.  K.  Y  Lau.  and  A.  Yariv.  "Bistability  and  negative  re¬ 
sistance  in  semiconductor  lasers."  Appl.  Ph\s.  Lett  .  vol,  4IJ.  pp 
124-126.  1982 

|5|  C  H  Henry  and  R.  F  Kazarinov,  "Stabilization  of  single  frequency 
operation  of  coupled  cavitv  lasers.  "  IEEE  J.  Quunium  Electron  .  vol 
QE-20.  pp.  733-744.  1984 

(6|  D  Marcuse  and  T, -P  Lee.  "Rale  equation  model  of  a  coupled-cavity 
User."  IEEE  J  Quantum  Electron  .  co]  QE-20.  pp  166-176.  1984 

|7|  K  J  Ebeling  and  L,  A  Coldren.  "Analysis  of  multielement  semi¬ 
conductor  lasers."  V  rippl.  Phwr..  vol  54.  pp  2962-2969,  1983 

|8|  W  Slreifer.  D  Yevick.  T  L  Paoli.  and  R  D  Burnham,  "An  anal 
ysis  of  cleaved  coupled-cavity  lasers.  "  IEEE  J  Quantum  Electron  . 
vol  OE-20.  pp  754-764,  1984 

|9|  J  Saizman.  R  J  Lang,  and  A  Yariv,  "Laterally  coupled  cavity 
semiconductor  laser,  ^pp!  Ph\s  Lett  .  vol  47,  pp  195-197,  1985 
|10|  R.  J  Lang  and  .A  Yariv  "  ^Analysis  of  the  dynamic  response  of  mul¬ 
tielement  semiconductor  lasers,  "  IEEE  J  Quantum  Electron  .  vol 
QE-21,  pp  1683-1688,  1985 


Robert  J.  Lang  lS'83l,  for  a  photograph  and  biography ,  sec  p  448  ol  the 
March  1986  issue  of  this  Im  rn  vi 


Amnon  Yariv  (S'56-M'59-F  70l,  fora  photograph  and  biography,  see  p 
448  of  the  March  1986  issue  of  this  Jm  rsai. 


Unclassified 


ECU^Y  CUASSifiCATiON  Of  This  PA 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No.  070d-0ta8 


1A.  REPORT  SECURITY  CLASSIFICATION 

Unclassified 


2a.  security  classification  authority 


2b.  OECLASSIFICATION/OOWNCRAOINC  SCHEDULE 


4.  PERFORMING  ORGANIZATION  REPORT  NUMBER(S) 

N00014-K-0211 


lb  RESTRICTIVE  MARKINGS 


3.  DISTRIBUTION /AVAILABILITY  OF  REPORT 


6b.  OFFICE  SYMBOL 
(If  tpplictbit) 


Approved  for  public  release;  distribution 
unlimited. 


S.  monitoring  organization  report  NUMBER(S) 

696-002 


7a.  name  of  monitoring  organization 

Office  of  Naval  Research 


7b.  ADDRESS  (Oty,  Stste.  snd  ZIP  Code) 

565  S.  Wilson 

Pasadena,  California  91106-3212 


8b  office  symbol  9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 
(If  appUcebte) 

POOOOl 


10  SOURCE  Of  FUNDING  NUMBERS 


WORK  UNIT 
ACCESSION  NO. 


6a.  name  of  performing  ORGANIZATION 
California  Institute  of 
Technology  _ 


6c  ADDRESS  (Ory,  State,  and  ZIP  Code) 
Pasadena,  California  91125 


8a.  name  of  funding /SPONSORING 
ORGANIZATION 

Office  of  Naval  Research 


8c  ADDRESS  (C/ty,  StAte.  and  ZIP  Code) 

800  N.  Quincy  Street 
Arlington,  VA  22217 


1 1 .  TITLE  (irKlude  Security  Clauification) 

Active  Q  switching  in  a  GaAs/AlGaAs  multiquantum  well  laser  with  an  intracavity  monolithic 
loss  modulator 


U.  PERSONAL  AUTHOR(S) 

Y.  Arakawa,  A.  Larsson,  J.  Paslaski  and  A.  Yariv 


PROGRAM 

PROJECT 

TASK 

element  no. 

NO. 

NO 

13a.  type  of  report 

Reprint 


13b  time  covered 

FROM _  TO 


14.  DATE  OF  REPORT  (Year,  Month.  Day)  115.  PAGE  COUNT 

1986  March  I  3 


16  SUPPLEMENTARY  NOTATION  The  view,  opinions  and/or  findings  contained  in  this  report  are  tnose 
of  the  author(s)  and  should  not  be  construed  as  an  official  Department  of  the  Navy  position, 
policy,  or  decision  unless  so  designated  by  other  documentation. 


17.  COSATi  COOES 


SUB-GROUP 


18.  SUBJECT  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 

quantum  well  lasers 


19.  abstract  (Continue  on  reverse  if  necessary  artd  identify  by  block  number) 

Active  Q  switching  in  a  GaAs/AlGaAs  multiquantum  well  laser  with  an  intracavity  electroab¬ 
sorption  monolithic  loss  modulator  is  demonstrated.  In  this  device,  an  efficient  loss 
modulation  is  achieved  through  the  quantum  confined  Stark  effect  in  a  modulator  section  and 
the  enhanced  carrier  induced  band  shrinkage  effect  in  an  optical  amplifier  section.  It  is 
found  that  a  picosecond  pulse  as  narrow  as  18.6  ps  full  width  at  half-maximum  is  generated 
and  a  high  repetition  rate  of  more  than  3  GHz  is  obtained. 


20  DISTRIBUTION /availability  OF  ABSTRACT 
□  UNCLASSiFlED/UNLlMiTED  □  SAME  AS  RPT 


22a  NAME  OF  RESPONSIBLE  INDIVIDUAL 


n  DTIC  USERS 


21.  ABSTRACT  SECURITY  CLASSIFICATION 


22b  telephone  (Include  Area  Code)  22c  OFFICE  SYMBOL 


00  Form  1473,  JUN  86 


Previous  editions  are  obsolete 


SECURITY  CLASSIFICATION  Of  THIS  PAGE 


Active  Q  switching  in  a  GaAs/AiGaAs  muitiquantum  weii  iaser  with  an 
intracavity  monoiithic  ioss  moduiator  3  8  6 

Y.  Arakawa,*^  A.  Larsson,*”  J.  Paslaski.  and  A.  Yariv 

California  Institute  of  Technology.  Pasadena.  California  91125 

(Received  16  December  1985;  accepted  for  publication  6  January  1986) 


Active  Q  switching  in  a  GaAs/AlGaAs  multiquantum  well  laser  with  an  intracavity 
electroabsorption  monolithic  loss  modulator  is  demonstrated.  In  this  device,  an  efficient  loss 
modulation  is  achieved  through  the  quantum  confined  Stark  effect  in  a  modulator  section  and  the 
enhanced  carrier  induced  band  shrinkage  effect  in  an  optical  amplifier  section.  It  is  found  that  a 
picosecond  pulse  as  narrow  as  18.6  ps  full  width  at  half-maximum  is  generated  and  a  high 
repetition  rate  of  more  than  3  GHz  is  obtained. 


Picosecond  pulse  generation  technology  in  semiconduc¬ 
tor  laser  diodes  is  important  for  high-speed  optical  commun¬ 
ication  systems.  For  this  purpose,  Q-switching  systems  are  of 
great  interest,  because  no  external  mirror  is  needed  in  con¬ 
trast  to  mode-locked  systems, and  lower  modulation  pow¬ 
er  is  required  compared  to  gain  switching  systems.^'’  Re¬ 
cently,  active  Q  switching  at  10  GHz  rate  was  demonstrated 
by  Tsang  et  al.  in  InGaAsP/InP  lasers  with  an  intracavity 
electroabsorption  loss  modulator.^’  In  their  device  the 
Franz-Keldysh  effect  is  used  for  loss  modulation  in  the  cav¬ 
ity. 

In  this  letter  we  report  on  the  demonstration  of  efficient 
active  Q  switching  in  a  GaAs/AlGaAs  multiquantum  well 
(MQW)  laser  with  a  monoiithic  intracavity  electroabsorp¬ 
tion  loss  modulator.  The  physical  phenomena  utilized  are 
the  quantum  confined  Start  effect'®  "  in  the  modulator  sec¬ 
tion  and  the  enhanced  carrier  induced  band  shrinkage  ef¬ 
fect'*  in  the  optical  amplifier  section.  Optical  pulses  as  nar¬ 
row  as  18.6  ps  full  width  at  half-maximum  (FWHM), 
assuming  a  Gaussian  waveform,  are  generated  and  a  high 
modulation  bandwidth  of  more  than  3  GHz  is  obtained. 

Figure  1(a)  illustrates  the  two-segment  MQW  laser 
consisting  of  an  optical  amplifier  section  and  an  electroab¬ 
sorption  loss  modulator  section.  The  device  structure  was 
grown  by  molecular  beam  epitaxy  in  a  Riber  2300  R&D 
system.  The  following  layers  were  sequentially  grown  on  a 
( 100)  oriented  /I "^-GaAs  substrate  doped  to  2X  10'*  cm“^: 
a  0.5  ^m  /i^-GaAs  buffer  layer  (4X  10'*  cm~^),  a  1.5  fsm 
«-Alo4Gao4As  cladding  layer  (5x  10'^  cm~^),  a  0.06 ^m 
n-Alo 2 Gao g As  waveguide  layer  (5x10"  cm“’),  an  un¬ 
doped  active  region  consisting  of  four  100  A  GaAs  wells 
separated  by  60  A  Alo  jGaogAs  barriers,  a  0.06  fim 
p-Alo  jGaogAs  waveguide  layer  (5X  10'^  cm~’),  a  1.5 /im 
p-AlogGao  jAs  cladding  layer  (5x  10'’  cm~^),  and  a  0.2 
/im/7^ -GaAs  contact  layer  (lx  10”  cm"’).  The  associated 
energy-band  diagram  is  shown  in  Fig.  1(b).  After  this 
growth,  a  ridge  waveguide  structure  with  a  5  /rm  width  and  a 
1 .2/um  height  was  formed  by  wet  chemical  etching.  Si02  was 
used  to  confine  the  current  injection  to  the  ridge.  A  5-^m- 
wide  separation  was  selectively  etched  in  the  p'^-GaAs 
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between  the  two  segments  for  electrical  isolation  and  sepa¬ 
rate  Cr/Au  contacts  were  defined  by  liftoff.  The  lengths  of 
the  amplifier  section  /,  and  of  the  moduiator  section  I2  were 
250  and  50  pm,  respectively.  The  measured  resistance 
between  the  segments  was  5  kfl.  Since  no  critical  process 
technology  such  as  a  precise  control  of  a  Zn  diffusion  is  used 
in  the  fabrication  process,  the  device  is  expected  to  be  repro¬ 
ducible. 

The  modulator  section  makes  use  of  the  quantum  con¬ 
fined  Stark  effect.  This  effect  has  recently  been  investigated 
for  optical  bistable  switches,'’  wavelength  selective  optical 
detectors,'*  '*  and  optical  modulators.'*”  The  room-tem¬ 
perature  absorption  spectrum  of  MQW  displays  enhanced 
absorption  at  the  band  edge,  with  a  double-peaked  structure, 
caused  by  excitons  whose  binding  energy  is  enhanced  by  the 
two-dimensional  confinement.  When  an  electric  field  is  ap¬ 
plied  to  the  quantum  wells  perpendicular  to  the  layers,  the 
exciton  absorption  peak  shifts  to  lower  energy.  This  effect  is 
much  larger  than  the  Franz-Keldysh  effect  seen  in  bulk  ma¬ 
terials.  The  dominant  mechanism  is  the  decrease  in  confine¬ 
ment  energies,  resulting  in  a  red  shift  of  the  excitonic  absorp¬ 
tion  energy.  The  band  discontinuities  prevent  the  ionization 
of  the  exciton,  allowing  excitonic  resonances  to  be  observed 
at  room  temperature  with  large  applied  fields  ( >  10*  V/ 
cm ) .  In  addition,  the  carrier  induced  band  shrinkage  effect  is 
enhanced  in  MQW  lasers  compared  to  conventional  double 
heterostructure  lasers,  resulting  in  a  decrease  of  the  lasing 
photon  energy  by  about  20  meV  (Ref.  12)  compared  to  the 
intrinsic  absorption  edge.  Consequently,  the  band-gap 
shrinkage  which  occurs  in  the  amplifier  section  and  the  en¬ 
hanced  electroabsorption  in  the  modulator  section  results  in 
extremely  large  loss  changes  which  are  induced  by  the  appli¬ 
cation  of  an  electric  field  to  the  modulation  section. 

Figure  2  shows  the  measured  threshold  current  Ah 
which  is  injected  in  the  optical  amplifier  section  under 
pulsed  conditions  ( 2  ^s,  50  kHz ) ,  plotted  as  a  function  of  the 
dc  moduiator  bias  V^.  In  this  figure,  /,|,  ( )  is  normalized 
by  Ah  ( =0)  which  is  1 1 5  mA.  As  a  result  of  the  pn  junc¬ 
tion,  a  built-in  electric  field  exists  in  the  active  region  even 
with  =  0.  Therefore,  a  nearly  flatband  condition  is  ob¬ 
tained  with  a  forward  bias  voltage.  As  shown  in  the  figure. 
Ah  ( =  —  2  V)  is  larger  by  a  factor  of  2.5  compared  to 
Ahlf'h  =  1  V).  This  increase  of  threshold  current  is  larger 
than  that  of  a  device  with  conventional  double  heterostruc- 
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FIG.  I.  (a)  Perspective  view  of  the  two-segment  quantum  well  laser.  The 
lengths  of  the  ampliher  section  I,  and  the  modulator  section  /-  were  250  and 
SO^m,  respectively,  (b)  Associated  band-gap  diagram  of  the  active  layer. 

Cures/  which  suggests  Chat  an  efficient  electroabsorption 
loss  modulation  is  realized  in  the  MQW  modulator  section. 
A  preliminary  estimation  shows  that  the  internal  loss  is  3000 
cm”'  at  =  I  V,  whereas  the  loss  is  12  000  cm”'  at 
~  —  1  V.  A  more  detailed  discussion  of  the  electroabsorp¬ 
tion  loss  change  will  be  given  elsewhere.  An  optical  self¬ 
pulsation  is  observed  in  the  bias  region  between  0.2  and  0.7 
V.  This  is  the  result  of  an  optoelectronically  generated  nega¬ 
tive  resistance.  '*  However,  under  the  Q-switching  operation 
with  microwave  modulation,  such  pulsation  does  not  occur 
and  the  output  pulse  is  synchronized  with  the  modulation 
frequency 

Q  switching  was  obtained  by  applying  both  a  dc  bias 
voltage  and  a  microwave  signal  to  the  modulator.  The  device 


FIG.  2.  Threthold  current  7,^  as  a  function  of  the  bias  voltage  F,.  is 
normalized  by  /,« ( =0). 


was  modulated  at  rates  between  100  MHz  and  3.2  GHz.  The 
optical  pulse  from  the  laser  was  collected  by  a  collimating 
lens  and  divided  into  two  beams.  One  beam  is  fed  to  an  auto¬ 
correlator  system  which  uses  the  second  harmonic  genera¬ 
tion  in  a  LilO)  crystal  and  a  photomultiplier  (RCA  4830). 
The  other  beam  is  focused  on  a  GaAs  pin  photodiode  ( Ortel 
Corporation)  with  less  than  50  ps  FWHM  response  time. 
The  detector  output  was  connected  to  a  spectrum  analyzer 
(HP-3450A  and  HP34569A  plug-in;  for  observation  of  the 
repetition  rate  and  higher  order  spectrum. 

Figure  3  shows  an  intensity  autocorrelation  trace  ob¬ 
tained  from  the  second  harmonic  generation  under  the  con¬ 
dition  of  1.5  GHz  modulation  frequency  and  =  0.  The 
injected  current  into  the  optical  amplifier  section,  /,„ ,  is  170 
mA(  =  =  0)  ].  Note  that  this  is  the  first  measure¬ 

ment  of  the  picosecond  pulse  width  from  an  actively  Q- 
switched  laser  diode.  The  autocorrelation  FWHM  is  26.3  ps, 
which  corresponds  to  a  pulse  FWHM  Ar,/2  of  18.6  ps  if  a 
Gaussian  waveform  is  assumed.  For  semiconductor  lasers 
without  external  mirrors,  Ar,/ 2  =  1 5  ps  has  been  reported  so 
far^  in  a  gain  switched  laser  with  a  very  short  cavity  ( 100 
fim).  Our  result  is  comparable  to  this  result  with  less  modu¬ 
lation  power,  higher  repetition  rate,  and  an  ordinary  device 
length  (300  /zm).  A  narrower  pulse  generation  can  be  ex¬ 
pected  by  optimizing  structure  parameters. 

The  efficient  Q  switching  in  the  two-segment  MQW  la¬ 
ser  results  from  the  following  mechanisms.  In  ^-switching 
operation,  a  large  loss  change  and  a  high  differential  gain 
(the  derivative  of  the  gain  with  respect  to  carrier  concentra¬ 
tion  )  will  lead  to  a  narrow  pulse  width.  In  our  device,  a  large 
loss  change  is  realized  with  the  quantum  confined  Stark  ef¬ 
fect  in  the  modulator  section  and  the  band  shrinkage  effect  in 
the  optical  amplifier  section.  On  the  other  hand,  a  high  dif¬ 
ferential  gain  is  also  expected  in  the  quasi-two-dimensional 


FIG.  3.  Intensity  sutocorreUtion  trace  obtained  from  second  harmonic 
generation  with  1.5  GHz  modulation  frequency  and  /„  =  170  mA 
(  =  1. 5/ It ).  Thcautocorrelation  FWHM is  26.3  ps  which  corresponds  toa 
pulse  FWHM  Ar,,]  of  18.6  pa  if  a  Gaussian  waveform  is  assumed. 
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FIG.  4.  Estiinated  pulse  width,  assuming  a  Gaussian  waveform,  as  a  func¬ 
tion  of  the  injected  current  /„  with  l.S  GHz  modulation  frequency.  The 
is  normalized  to  the  threshold  current  /u.  with  no  modulation  power. 

electronic  system  in  a  MQW  structure.  ”  Thus,  by  the  use  of 
a  MQW  structure,  the  two-segment  laser  satisfies  both  re¬ 
quirements  for  the  generation  of  narrow  optical  pulses. 

The  pulse  width  Ar,yj  depends  on  the  current  /,„  which 
is  injected  into  the  amplifier  section.  Figure  4  shows  the  de¬ 
pendence  of  on  /(„  under  the  conditions  of  1.5  GHz 
modulation  frequency  and  0  V  dc  bias.  This  result  shows  that 
Ar,/2  decreases  with  the  increase  of  the  injected  current, 
converging  to  a  certain  value  under  our  measurement  condi¬ 
tions.  In  the  region  of  lower  /(„,  Ar,/2  increases  drastically 
with  the  decrease  of  . 

The  modulation  frequency  response  (i.e.,  repetition 
rate)  of  the  laser  was  measured  in  a  preliminary  fashion.  We 
observed  the  fundamental  spectrum  as  well  as  harmonic 
spectrum  lines  in  the  spectrum  analyzer  display.  At  present 
stage,  the  maximum  repetition  rate  which  still  leads  to  regu¬ 
lar  pulse  generation  is  3.2  GHz.  No  attempt  at  optimization 
was  made  so  that  the  expectation  of  a  considerably  higher 
pulse  rate  is  reasonable.  The  pulse  width  Ar,/2  was  found  to 
be  nearly  independent  cf  tne  modulation  frequency,  chang¬ 
ing  from  19  to  22  ps  when  the  modulation  frequency  was 
changed  from  SOO  MHz  to  3.2  GHz  (/(„  =  150  mA). 

In  conclusion,  efficient  active  Q  switching  is  demon¬ 
strated  in  a  GaAs/AlGaAs  MQW  laser  with  an  intracavity 
monolithk  electroabsorption  loss  modulator.  The  efficient 
loss  modulation  achieved  through  the  quantum  confined 


Stark  effect  and  the  carrier  induced  band  shrinkage  effect,  as 
well  as  a  high  differential  gain,  lead  to  the  generation  of  nar¬ 
row  optical  pulses.  The  results  indicate  that  a  picosecond 
pulse  as  narrow  as  18.6  ps  FWHM  is  generated  and  a  high 
repetition  rate  of  more  than  3  GHz  is  obtained.  Optimization 
of  the  structure  for  generating  narrower  pulses  is  now  under 
study. 
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High  quality  molecular  beam  epitaxial  growth  on  patterned  GaAs  substrates 

John  Stephen  Smith,  Pamela  L  Derry,  Shlomo  Margalit,  and  Amnon  Yariv 
Caii/omia  Institute  of  Technology,  Pasadena,  California  91125 

(Received  12  March  198S;  accepted  for  publication  3  July  1985) 

In  this  letter  we  describe  a  procedure  for  high  quality  molecular  beam  epitaxy  (MBE)  growth  over 
finely  patterned  GaAs  subirtrates  which  is  suitable  for  device  fabrication  requiring  lateral 
definition  of  small  ( — 1-2  fim)  dimension.  This  method  was  used  for  the  fatnrication  of  index 
guided  laser  arrays.  Yields  of  individual  lasers  exceeded  90%,  and  thresholds  were  uniform  to 
10%.  Temperature  and  flux  ratio  dependence  of  faceting  during  MBE  growth  over  patterned 
substrates  is  shown  for  temperatures  ranging  from  580  to  700  *C  and  for  As/Ga  flux  ratios  from 
1 .4: 1  to  4;  1 .  The  real  index  guided  structure,  which  can  be  formed  by  a  single  MBE  growth  over  a 
ridged  substrate,  is  discussed.  This  technique  should  prove  useful  in  the  fabrication  of  devices 
which  take  advantage  of  unique  features  formed  during  regrowth  by  MBE. 


Growth  over  patterned  substrates  has  been  proposed  as 
a  useful  technique  to  increase  the  flexibility  of  the  molecular 
beam  epitaxy  (MBE)  process,'  allowing  fabrication  of  de¬ 
vices  which  have  three-dimensional  structure^  or  the  inte¬ 
gration  of  devices  which  have  different  epitaxial  layer  re¬ 
quirements.^  However,  the  low  tolerance  of  MBE  to 
contamination  of  the  substrate  has  limited  these  growths  to 
structures  with  surface  features  on  the  order  of  10  fim  or 
nme,  which  can  be  cleaned  by  techniques  which  etch  the 
original  surface  extensively.  Methods  which  allow  the  use  of 
MBE  to  grow  epilayers  with  lateral  definition  include  me¬ 


chanical  masks,*  masking  with  dielectric  layen,'  and 
growth  over  etched^  or  previously  grown  layers.^  However, 
except  for  r^rowths  over  coarsely  featured  substrates,^ 
few  electrical  or  optical  properties,  or  devices  srinch  use 
these  techniques  have  been  presented  in  the  Iheratme,  presu¬ 
mably  because  of  diflkulty  with  the  quality  of  the  epitaxial 
layers. 

The  following  describes  a  procedure  for  MBE  growth 
over  finely  detailed  surfaces,  including  a  sutfime  preparation 
technique  which  removes  comparatively  Kttk  matwiaL  La¬ 
ser  arrays  showing  good  uniformity  and  high  yield  were  &b- 
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ricated  by  epitaxial  growth  over  finely  corrugated  substrates 
prepared  by  this  technique.  Photographs  are  presented  of 
multilayer  stuctures  grown  over  patterned  substrates,  show¬ 
ing  the  dependence  of  the  facet  formation  during  MBE  on 
the  As/Ga  flux  ratio  and  substrate  temperature. 

The  cleaning  proe^ure  is  a  modification  of  one  de¬ 
scribed  by  Cho’  with  the  etching  times  reduced,  the  bro¬ 
mine/methanol  polishing  solution  at  a  much  lower  dilution, 
and  the  use  of  a  specially  designed  Pyrex  apparatus  which 
continuously  distilled  trichloroethylene  (TCE)  and  flowed  it 
over  the  surface  of  the  wafer. 

The  wafers  were  patterned  using  conventional  photo¬ 
lithography,  and  etched  for  10- 
20  s  in  1:8:8  (H2S04,H202,H20)  to  form  grooves  of  the 
desired  depth.  The  patterned  wafers  were  boiled  in  TCE  for 
10  min  and  placed  in  the  TCE  distillation  apparatus  for  24  h. 
The  wafer  were  then  lightly  hand  polished  on  a  lens  tissue 
soaked  in  a  very  dilute  bromine/methanol  solution  ( —  1  min 
in  a  0.00S%  solution  by  volume)  and  dip  etched  in  4:1:1 
(H2S04,H202,H20)  for  10  s  which  removes  ~0.4^m  of  ma¬ 
terial.  They  were  then  soaked  in  HCl  for  2  min,  and  a  protec¬ 
tive  oxide  was  grown  in  a  de-ionized  water  bath.^  The  sam¬ 
ples  were  then  rinsed  and  mounted  for  growth. 

The  growths  were  carried  out  in  a  Riber  2300  MBE  with 
continuous  rotation  of  the  wafer  at  12  rpm.  Rotation  pre¬ 
vents  the  asymmetrical  growth  noted  in  earlier  papers.^'^  '^  It 
can  be  shown  that  for  a  rotating  subtrate,  the  flux  on  a  facet 


I.O^m 


(SMI  (811)  (410 


FIG.  1.  SEM  of  KXXVA  alternating  of  GaAa/Gao  j  AJg ,  As  grown 
over  a  1 100)  substrate  ridged  in  the  (a)  [Oil]  direction  and  |b|  the  [Ol  1 )  direc¬ 
tion.  at  a  substrate  temperature  of  680  'C  and  a  As/Ga  flux  ratio  of  2,  with 
facet  indices  marked. 


with  a  tilt  of  d  is  proportional  to  cos  6  for  all  of  the  Knudsen 
cells,  provided  the  angles  of  the  facets  are  not  large  enough  to 
cause  shadowing  during  some  part  of  the  rotation. 

The  faceting  properties  of  MBE  growth  over  small 
structure  and  their  dependence  on  temperature  and  Ga/As 
flux  ratio  can  be  seen  in  Figs.  1  and  2  and  in  Table  I.  The 
wafers  shown  were  produced  by  etching  grooves  with  a  9-/im 
period  in  the  [01 1]  direction  and  the  [Ol  1]  direction,  respec¬ 
tively,  on  (100)  substrates.  After  cleaning  by  the  above  pro¬ 
cedure,  alternating  4S00  A  layers  of  GaAs  and  SOO  A  marker 
layers  of  Gao.,  AI0.2  As  were  grown. 

The  relative  growth  of  adjacent  facets  can  be  accurately 
determined  by  the  propagation  angle  of  their  vertex.  If  the 
tilt  angles  of  two  adjacent  facets  are  taken  as  a,  and  a^,  and  9 
is  the  angle  of  propagation  of  their  intersection  during  the 
growth, 

X,  _  cos^i  cos(a,  -9) 

Xj  cos  <^2  cos(a2  -I-  9 ) 

where  x,/x2  is  equal  to  the  ratio  of  their  growth  rates,  as 
shown  in  Fig.  3. 

Using  this  result  and  a  similar  one  for  a  convex  vertex, 
from  Figs.  1  and  2  we  can  determine  the  relative  growth  rates 
of  small  facets.  Their  growth  rates,  normalized  for  the  inci¬ 
dent  flux,  are  ordered  as  follows: 


l-H  tdl  HH  Ihl 

I  fijT\ 


FIG.  2.  Photographs  showing  facet  propagation  and  step  propagation  as  a 
function  of  temperature.  The  samples  are  composed  of  43(X)-A  GaAs  layers 
and  SOO-A  marker  layers  of  Gao  ,Alo]As  grown  over  substrates  ridged 
with  a  9-tim  period.  Samples  |a)-(d|  were  ridged  in  the  [OTT]  direction, 
grown  at  substrate  temperature  S80. 620, 660,  and  7(X)  *C,  respectively,  at  a 
As/Ga  flux  ratio  of  2.  Samples  |e|.-(h|  were  ridged  in  the  [OT I  ]  direction,  and 
grown  at  the  same  temperatures  and  As  flux. 
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Table  I.  Relative  growth  rates  for  various  facets  formed  by  MBE  growth  under  the  states  conditions.  The  range  indicated  allows  for  errors  m  measurements 
of  the  photographs.  The  bottom  pairs  of  figures  in  each  case  are  normalized  for  the  cos  0  dependence  of  the  flux. 


Temp 

As/Ga  ratio 

4T  1  vs  100 

411  vs  100 

111  VS4II 

811  vs  111 

380 

2 

1.01  ±0.01 

0.90  ±  0.03 

0.59  ±  0.02 

1.79  ±0.03 

1.07  ±0.01 

0.97  ±  0.03 

0.95  ±  0.02 

1.07  ±0.03 

620 

2 

1.20  ±0.08 

0.78  ±  0.02 

0.55  ±  0.02 

2.0  ±0.1 

1.27  ±0.08 

0.83  ±  0.02 

0.89  ±  0.04 

1.2  ±0.1 

660 

2 

1.24  ±0.04 

<0.3 

0.41  ±  0.06 

2.9  ±0.5 

1.31  ±0.04 

<0.5 

0.67  ±0.10 

1.7  ±0.3 

700 

2 

1.11  ±0.05 

<0.5 

0.21  ±  0.04 

5.3  ±0.8 

1.18  ±0.05 

<0.5 

0.35  ±0.05 

3.3  ±0.3 

660 

1.4 

1.12  ±0.02 

0.81  ±0  02 

0.59  ±  0.01 

1.83  ±0.03 

1.18  ±0.02 

0.86  ±  0.02 

0.95  ±  O.Cl 

1.10  ±0.03 

660 

4 

1.14  ±0.04 

<0.5 

0.57  ±  0.01 

1.86  ±0.07 

1.21  ±0.04 

<0.5 

0.92  ±  0.01 

1.11  +0.04 

(2) 

(3) 

Table  I  indicates  the  relative  growth  rates  for  these  facets 
over  a  range  of  temperatures  and  pressures.  Higher  tem¬ 
peratures  increase  the  differential  growth  rates,  while  a  high 
As  flux  decreases  it  to  some  extent.  The  enhancement  of  the 
growth  rate  over  the  (41 1)  facet  can  be  taken  advantage  of  in 
the  formation  of  waveguides,  as  shown  in  Fig.  4. 

Using  this  technique,  arrays  of  double  heterostructure 
lasers  were  grown  over  a  substrate  with  ridges  etched  in  the 
[iTl]  direction  with  a  9-/im  period.  The  growth  consisted  of 
a  0.1-^m  GaAs  buffer  layer,  a  1.3-^m  Gao 7  Alg  3  As  /i 
lower  cladding  layer,  a  1500- A  GaAs  active  layer,  a  1.3-/xm 
Gao,7Alo3As  p*  upper  cladding  layer,  and  a  0.1 -/zm  p'*’ 
GaAs  contact  layer.  A  1 50-/zm-wide  Cr/Au  contact  was  ap¬ 
plied,  and  the  wafer  was  cleaved  into  bars  350 /zm  long.  The 
laser  cross  section  is  shown  in  Fig.  5(a)  and  the  spontaneous 
emission  near  field  is  shown  in  Fig.  5(b).  The  1.5  X  threshold 
near  field  is  shown  in  Fig.  5(c)  with  15  adjacent  pairs  of  de¬ 
vices  of  the  single  contact  array  lasing,  each  pair  formed  on 
either  side  of  a  ridge.  The  typical  threshold  current  for  these 


FIG.  3.  Diagram  relating  growth  rates  of  two  adjacent  facets  to  the  propa- 
gation  of  their  vertex. 
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arrays  was  50-60  mA  per  element.  The  elements  of  the  ar¬ 
rays  are  index  guided  due  to  the  greater  thickness  of  the 
active  layer  over  the  (4 1 1 )  facets  as  shown  in  Fig.  4.  In  the  9- 
/zm  ridged  array,  individual  pairs  of  lasers  were  phase  locked 
and  typically  operated  in  a  single  longitudinal  mode,  but  the 
individual  pairs  oscillated  independently.  Arrays  grown 
with  a  4-/zm  period  phase  lock  between  the  pairs  as  well. 

In  summary,  a  tecfinique  for  growing  high  quality 
GaAs/GaAlAs  epilayers  over  patterned  substrates  has  been 
presented.  Laser  device  yields  of  greater  than  90%  have  been 
achieved.  We  have  included  detailed  scanning  electron  mi¬ 
croscopy  photographs  of  multiple  layers  grown  over  wafers 
with  etched  ridges  a  few  microns  in  extent,  which  allow  visu¬ 
alization  of  the  faceting  properties  of  MBE  growth.  This 
technique  should  prove  useful  in  the  fabrication  of  other  de¬ 
vices  which  take  advantage  of  the  geometric  features  of  re¬ 
growth  by  MBE  and  fabrication  of  integrated  structures. 

The  research  reported  in  this  letter  is  supponed  through 


FIG.  4.  Photographs  of  waveguide  formed  by  enhanced  growth  rate  over 
the  (41 1)  facet. 
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|C|  lO^m 

FIG.  5.  |a)  Cross  section  of  Isaer  array;  (b|  near  field  of  laser  array  below 
threshold;  (c)  near  field  oflaser  array  at  1.5  x  threshold. 
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